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FOREWORD 

This i ssue of the ANL Phys ics Division Summary 

Report p r e sen t s a comprehens ive pic ture of the work of the Division 

in the year ending in the spring of 1963. Instead of the usual smal l 

se lect ion of re la t ively full accounts of individual r e s e a r c h e s r epor t ed 

at the random t imes at which they become avai lable , this i ssue offers 

a complete and sys temat ic overview of what is going on. Much of what 

is indicated brief ly here has been desc r ibed more fully in e a r l i e r i s sues 

of the Summary ; most of the res t will appear in forthcoming i s s u e s . 

In addition, the papers published in the 1-year per iod 

from 1 Apri l 1962 through 31 March 1963 a re l is ted immedia te ly after 

the r epor t s on the r e s e a r c h . This l i s t accounts for much the s ame 

effort but from a different point of view. 

Still another p ic ture of the re la t ive emphases on the dif

ferent p rog rams of the Division is supplied by the ro s t e r of pe r sonne l , 

in which the staff m e m b e r s a r e grouped by p r o g r a m . (It must be unde r 

stood, however , that staff m e m b e r s frequently do par t of their work in 

another p r o g r a m . ) This r o s t e r forms the las t section of the repor t . 
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I. NUCLEAR PHYSICS 

I - 1. INTRODUCTION 

The genera l objective of the p r o g r a m rema ins unchanged: 
it is to contr ibute to the advance of nuclear physics by studying the 
p r o p e r t i e s of light nuclei pa r t i cu l a r l y the ene rg ie s , quantum number s , 
and l i fet imes of nuc lear energy s t a t e s . E x p e r i m e n t e r s and theor i s t s work 
c losely together so that new re su l t s in one a r e a may suggest new approaches 
in the o ther . An effort is made to s t r e s s work that can be done m o r e ad
vantageously at Argonne than e lsewhere because of the specia l faci l i t ies 
ava i lab le . In view of the h i s to ry and t radi t ion of the Labora tory , it is 
na tu ra l that much of the work involves in te rac t ions between nuclei and 
neu t rons ; but this is balanced by a well divers i f ied p r o g r a m of other 
nuc lear inves t igat ions . 

The exper imenta l pa r t of the p r o g r a m is mos t eas i ly outlined 
by subdividing the work into var ious ca tegor ies for which a major piece of 
equipment or an impor tant exper imenta l technique is the unifying factor . 
The ca tegor ies formed in this way a r e the following; 

(1) Studies of the neutron and of neutron- induced reac t ions at the r e a c t o r 
C P - 5 . 

(2) Neutron and cha rged-pa r t i c l e - induced react ions at the 4. 5-MeV 
Van de Graaff. 

(3) Charged-pa r t i c l e reac t ions at the tandem Van de Graaff a c c e l e r a t o r . 

(4) Cha rged -pa r t i c l e reac t ions at the 60-in. cyclo t ron. 

(5) Var ious exper imen t s that use the Mo'ssbauer effect. 

(6) A tomic -beam s tud ies . 

(7) Studies of the decay of shor t - l ived rad ionuc l ides . 

Some phys ic i s t s r e s t r i c t the i r efforts to the use of a single machine or 
technique, whereas o the r s invest igate r e l a t ed p rob l ems with s e v e r a l 
sy s t ems of a p p a r a t u s . 



F i g . 1. E q u i p m e n t in the e x p e r i m e n t a l a r e a a r o u n d the r e a c t o r C P - 5 . 
The p h y s i c s e q u i p m e n t , ident i f ied by i t s a n g u l a r p o s i t i o n m e a s u r e d 
c lockwise f rom the t o p of t he f igure and by the p a g e s on wh ich t h e 
work i s d e s c r i b e d in th i s r e p o r t , c o m p r i s e s (135°) the s c i n t i l l a t i o n 
s p e c t r o m e t e r and n e u t r o n p o l a r i z e r (pp . 14-15) ; (150°) the a p p a r a t u s 
for m e a s u r i n g the l i f e t i m e s of s t a t e s f o r m e d by n e u t r o n c a p t u r e 
(pp . 7 -8) ; (175°) the b e n t - c r y s t a l s p e c t r o m e t e r (pp . 10-12) ; (225°) the 
fas t chopper (pp. 5 - 7 , 8-10) ; (325°) the n e u t r o n p o l a r i z e r (pp . 3 -4) ; 
and (350°) the m a g n e t i c Compton s p e c t r o m e t e r (pp . 13 -14 ) . 



1 - 2 . RESEARCH AT THE REACTOR C P - 5 

The p r o g r a m of the Phys ics Division at the r e a c t o r C P - 5 
is devoted en t i re ly to nuclear phys ics . The exper iments fall into th ree 
b road ca tegor ies exper iments on the fundamental p r o p e r t i e s of the 
neutron itself, s tudies of neutron c r o s s sect ions , and a va r i e ty of exper iments 
with neu t ron -cap tu re gamma r a y s . 

The f i r s t ca tegory includes an invest igat ion of the neut ron-
e lec t ron in teract ion and studies of the decay of po la r ized neu t rons . 

Neutron c r o s s sect ions a r e m e a s u r e d by the t ime-of-f l ight 
method with a fast chopper . During the pas t year , this sys tem was used 
to m e a s u r e total and f ission c r o s s sect ions and especia l ly to study the 
g a m m a - r a y spec t ra that resu l t from the capture of neutrons in r e s o n a n c e s . 

The l a rge s t a r e a of investigation is concerned with the 
gamma rays from capture of t he rma l neu t rons . The p r o g r a m cen t e r s 
around two p rec i s ion in s t rumen t s . F o r the range of energy up to about 
2 MeV, the b e n t - c r y s t a l spec t rome te r is used; at higher energy the r e 
cently completed Compton spec t rome te r is m o r e sui table . In addition to the 
m e a s u r e m e n t s made with these p rec i s ion in s t rumen t s , many useful studies 
a r e pe r fo rmed with Nal scint i l lat ion s p e c t r o m e t e r s of va r ious kinds. These 
studies include m e a s u r e m e n t s with an anticoincidence s p e c t r o m e t e r to 
obtain the capture g a m m a - r a y spec t ra for m a t e r i a l s having exceptionally 
smal l neutron c r o s s sect ions , delayed-coincidence m e a s u r e m e n t s of the 
l i fe t imes of excited s ta tes formed by neutron capture , coincidence m e a s 
u remen t s to de te rmine nuclear decay schemes , and angu la r -co r re l a t ion 
m e a s u r e m e n t s to de te rmine spins and pa r i t i e s of excited s t a t e s . 

In addition to the above exper iments that a r e now in p r o g r e s s , 
during the coming year a p r o g r a m of m e a s u r e m e n t s on the resonant s c a t t e r 
ing of neu t ron-cap tu re gammas will be s t a r t ed . 

I - 2. 1. Ins t rumenta t ion for Measu remen t s of the Symmet ry P r o p e r t i e s 

of Neutron Decay (Projec t 123) 

M. T. Burgy and G. R. Ringo 

F o r the next phase of the exper iment on the s y m m e t r y 

p r o p e r t i e s of neutron decay, it is n e c e s s a r y to know the polar iza t ion of 

the neut rons with an accu racy of about ±2%. The work of the past year has 



been largely devoted to this end. It now seems likely that this can be done 

by using reflection off two (parallel) m i r r o r s in succession at both the 

polarizer and analyzer positions. This has given polarizations apparently 

as high as 97%, but more work is needed to get the measurements entirely 

under control. When this has been done, a new measurement of the decay 

asymmetr ies will be undertaken. To do this well, a new polar izer m i r r o r 

will be needed. 

I - 2. 2. Electron-Neutron Interaction (Project 1-135) 

V. Krohn and G. R. Ringo 

The electron-neutron interaction must be explained by any 

satisfactory theory of nucleon structure and hence is of considerable 

theoretical importance. It is desirable that this interaction be prec ise ly 

measured by more than one experimental method and with a number of 

elements (since the results of all methods depend strongly on the assump

tion that the nuclear scattering amplitudes involved in the experiments a re 

well understood). 

During the past year, the program to measure this in ter -
o 

action by observing the asymmetry (ratio of counting rate at 45 to that at 
o 

135 ) in the scattering of thermal neutrons (from CP-5) by noble gases has 

been revived. The contribution of the center -of -mass motion to the 

observed asymmetry is being precisely evaluated by a new computer p r o 

gram. Calculations from this computer program have been combined 

with existing data and the results will provide a useful guide in the continu

ing effort to obtain highly precise measurements . The resul ts indicate 

that the angular divergence of the incident beam in the ear l ie r m e a s u r e 

ments was satisfactory; but in the course of analyzing the data it has be

come evident that the scattering should be measured (in order to establish 

the "effective" atomic weights to be used in calculating the a symmet ry 

associated with the motion of the center of mass) . In addition, more r e 

liable neutron counters are needed if the precision of the measurements 



is to be improved, 

A new sys tem for handling and cleaning the noble gases is 

now under cons t ruc t ion . This sys tem will a lso be used in a p r o g r a m to 

develop l a r g e - d i a m e t e r He^ propor t ional counters suitable for the s c a t t e r 

ing m e a s u r e m e n t s . A new sca t te r ing chamber will be built in the nea r future. 

Separa ted isotopes of the noble gases to be used in the m e a s u r e m e n t s a r e 

scheduled to be available by November 1963. 

1 - 2 . 3 . C r o s s Sections for Slow Neutrons (Pro jec t 1-3) 

L. M. Boll inger, R. E. Cote, H. E. Jackson, J . P . Marion, and 

G. E. Thomas 

The fast chopper at C P - 5 was used with var ious t a rge t s to 

m e a s u r e the total c r o s s section for neutrons in the energy range from 10-2 

to 10^ eV. The neutrons were detected with a newly developed a r r a y of 

boron- loaded liquid sc in t i l l a to r s . The large s ize and high efficiency of 

this sys tem resu l t s in an exceptionally high counting r a t e . Consequently, 

the s ta t i s t i ca l a ccu racy of our recent work sets a new s tandard of excel lence 

and smal l effects that were previously undetectable can now be studied. 

T r a n s m i s s i o n m e a s u r e m e n t s were made on ta rge t s of Cm^**, 

Xh232 Se, and Mo. Resonance p a r a m e t e r s were de te rmined for Cm^** , 

a ta rge t which had not been studied previously . This ta rge t was p r e p a r e d 

by H. Diamond of the Chemis t ry Division. In Th^sa, Se, and Mo, al l of 

which had been studied previously , many tiny new t r a n s m i s s i o n dips were 

detected. These dips a r e most readi ly in te rp re ted as resul t ing from the 

p-wave resonances that a r e expected to be p re sen t even a t very low neutron 

e n e r g i e s . A sys temat ic study of the smal l r esonances is continuing. It 

s eems probable that the work will lead to re l iable values of the p-wave 

s t rength function for Th232 and U238, a resu l t which would be impor tant 

to both nuc lear physics and r eac to r phys ics . 

Another exper iment that r equ i red a special detector was a 



measurement of the fission cross section of Th^ss, the lightest nuclide that 

is known to be fissionable by thermal neutrons. The sample was prepared 

by H. Diamond and J. Gindler of the Chemistry Division. A Th22S impurity 

in the sample gave an alpha activity of 2 X 1 0 pa r t i c l e s / sec . In spite of 

this intense background, it proved possible to detect fission fragments 

efficiently with a special gaseous scintillation chamber. With this chamber, 

the resonance structure of Th^^s was studied at the Harwell electron linac 

by one of the group (L. M. B. ). These data were then extended to sub-thermal 

energies by measurements with the Argonne fast chopper. These data will 

be combined with the results of previous measurements of the total c ross 

section to give resonance pa ramete r s . 

Two major improvements in the apparatus for c ross -sec t ion 

measurements are planned for the coming year . F i r s t , the present 

1024-channel analyzer, which is inadequate and obsolete, will be replaced 

by a new instrument with 4096 channels. Second, an effort will be made to 

eliminate background counts in the boron-loaded liquid scintillation detectors 

by pulse-shape discrimination. 

I - 2. 4. Excitation of Low-Energy States by Resonant Neutron Capture 

R. T. Carpenter, R. E. Segel, and R. K. Smither 

The fast chopper at the reactor CP-5 was used in a study 

of the low-energy states of Hg20 0 that are excited by capture of neutrons 

in resonances of Hgi^^. The gamma rays associated with radiative 

transitions to and from the low-energy states were detected by large Nal 

scintil lators. The three-parameter tape-recording analyzer was used 

to store the spectral information. By examining the spectra for several 

resonances of Hgi^s^ it was possible to detect two new low-energy states in 

Hg200. These states were tentatively identified with those expected from 

a nuclear model. 



I - 2. 5. Angular Cor re l a t ion of Neutron-Capture Gamma Rays 

R. E. Cote, H. E. Jackson, L. L. Lee, J r . , and J . P . Schiffer 

A s e r i e s of angular co r re l a t ions of two-s tep cascade gamma 

rays following t h e r m a l - n e u t r o n capture in Fe^* , Ni'^^, Ni^o, and Ni^^ was 

m e a s u r e d . The a im was to de te rmine the spins of some of the i = 1 levels , 

found through s t r ipping m e a s u r e m e n t s , in an a t tempt to re la te these levels 

to the g ross s t ruc tu r e observed in (d, p) r eac t ions . The m e a s u r e m e n t s , 

which were pe r fo rmed at the 25 -me te r detector .station of the chopper, used 

the t h r e e - p a r a m e t e r ana lyzer to r eco rd the data. F o r mos t exper iments 

the r ead -ou t t ime is too long. Modifications of the sys tem to allow m o r e 

rapid read-ou t have been designed and will be ins ta l led in the s u m m e r of 

1963. 

I . 2. 6. Lifet imes of Energy Levels Exci ted by Slow-Neutron Capture ; 

Lifet imes and Nuc lea r -S t ruc tu re P a r a m e t e r s of Levels Populated 

by Beta Decay (Pro jec t 1-9) 

H. H. Bolotin 

An e lec t ronic system has been a s sembled for the study of 

the l i fe t imes of excited nuclear s ta tes by the delayed-coincidence method. 

In the f i r s t exper iment with this sys tem, double i s o m e r i s m was observed 

in As'^'s s ta tes populated by the decay of 7. 1-hr Se'''^. P r e l i m i n a r y work 

of a s imi l a r c h a r a c t e r has begun on the nuclear s ta tes of Ga^a. 

In fur ther m e a s u r e m e n t s with the same appara tus , the l ife

t imes of excited s ta tes of nuclei resul t ing from neutron cap ture a r e being 

studied at the C P - 5 r e a c t o r . Relat ively litt le is known of the detai ls of 

levels in odd-odd nuclei , and t he rma l -neu t ron capture is a convenient and 

d i rec t method of populating these leve ls . The low-lying s ta tes both in 

na tu r a l l y -occu r r i ng samples and in separa ted isotopes of se lec ted e lements 

will be studied. 
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To i m p r o v e a n d f a c i l i t a t e fu tu re m e a s u r e m e n t s , the p r e s e n t 

e l e c t r o n i c s y s t e m is be ing e n l a r g e d and r e f i ned . With the new s y s t e m , it 

w i l l be p o s s i b l e to p e r f o r m v a r i e d and s i m u l t a n e o u s e x p e r i m e n t s s u c h a s 

the r e c o r d i n g of p r o m p t and d e l a y e d c o i n c i d e n c e da ta , s i m u l t a n e o u s 

" s e l f - c o n n p a r i s o n " l i f e t ime s t u d i e s , d e t a i l e d i n v e s t i g a t i o n s of n u c l e a r l e v e l 

s c h e m e s , and s i m u l t a n e o u s m e a s u r e m e n t s of l i f e t i m e s of two o r m o r e 

l e v e l s . 

I - 2. 7. G a m m a - R a y S p e c t r a f r o m C a p t u r e in N e u t r o n R e s o n a n c e s 
^ ' r, ^ ( P r o j e c t 1-7) 

L. M. B o l l i n g e r , R. T . C a r p e n t e r , R. E . Co te , H. E ; 

J a c k s o n , and J . P . M a r i o n 

The fas t c h o p p e r a t the r e a c t o r C P - 5 w a s u s e d in a s e r i e s 

of m e a s u r e m e n t s of the s p e c t r a of h i g h - e n e r g y g a m m a r a y s r e s u l t i n g 

f rom the c a p t u r e of n e u t r o n s in r e s o n a n c e s . The s p e c t r a w e r e o b s e r v e d 

wi th l a r g e ( 8 - i n . d i a m e t e r by 6 - in . th ick) N a l s c i n t i l l a t o r s . The p u l s e -

he igh t and t i m e - o f - f l i g h t i n f o r m a t i o n w e r e s t o r e d in the t h r e e - p a r a m e t e r 

t a p e - r e c o r d i n g a n a l y z e r . 

A s tudy of the d i s t r i b u t i o n of p a r t i a l w id ths for h i g h - e n e r g y 

r a d i a t i v e t r a n s i t i o n s was con t inued . M e a s u r e m e n t s on e ight heavy n u c l i d e s 

have b e e n a n a l y z e d . A l l of the da ta a r e c o n s i s t e n t wi th what i s e x p e c t e d 

f rom a p u r e l y s t a t i s t i c a l d e s c r i p t i o n of the e m i s s i o n p r o c e s s ; tha t i s , the 

d i s t r i b u t i o n of p a r t i a l r a d i a t i o n wid ths is found to be i n d i s t i n g u i s h a b l e 

f rom the d i s t r i b u t i o n of r e d u c e d n e u t r o n w i d t h s . 

A s tudy of the dependence of the a v e r a g e p a r t i a l r a d i a t i o n 

wid ths on n u c l e a r m a s s was c o m p l e t e d . The r e s u l t s w e r e found to be in 

s u r p r i s i n g l y good a g r e e m e n t wi th a r e l a t i o n s h i p that has r e c e n t l y b e e n 

i n f e r r e d by A x e l f rom the b e h a v i o r of the p h o t o n u c l e a r c r o s s s e c t i o n s . 

A s y s t e m a t i c effort was m a d e to u s e h i g h - e n e r g y g a m m a 

r a y s to identify p - w a v e r e s o n a n c e s . Many of t h e s e r e s o n a n c e s w e r e 

ident i f ied in Z r S l , Nb93, and M o ^ ^ . 
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F i g . 2. G a m m a - r a y spec t r a from resonance capture in Nbsa. Fo r p-wave 
r e s o n a n c e s , the intensi ty of t rans i t ions to s ta tes within 700 keV of the 
ground state is expected to be much s t ronger than for s-wave r e s o n 
a n c e s . This predict ion is verified in these spec t r a . Events with 
photon energ ies g rea t e r than that at the dashed line r e p r e s e n t such 
t r a n s i t i o n s . In the group of spec t ra on the left, the total re la t ive 
intensi ty of t r ans i t ions in this c lass i s in the range 0. 0 — 0. 3; in the 
group on the r igh t , it is in the range 0 .8 — 1.2. The la t te r group is 
there fore in t e rp re ted as consist ing of p-wave r e s o n a n c e s . 
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A study of two-step gamma-ray cascades for determining 

the J values of neutron resonances was continued. The technique was found 

to be successful for almost all even-even product nuclides, independent of 

the parity of the target. 

All of the above measurements w e r e m a d e with a 25-meter 

flight path. To allow capture gamma-ray studies to be ca r r ied out with 

better resolution in neutron time of flight, a new detector station has now 

been completed 60 meters from the rotor. Also, a new rotor is under 

construction and should be completed in 1963. These improvements in the 

chopper system will permi t an extension of the energy range over which 

measurements can be made. Thus, a better s tat is t ical sample of the 

properties of neutron resonances will be obtainable. 

I - 2. 8. The 7. 7-Meter Bent-Crystal Spectrometer (Project 1-60) 

R. K. Smither and A. Magruder 

The bent-crystal spectrometer (Fig. 3) is being used to 

study the gamma rays resulting from neutron capture in samples placed in 

a straight-through beam hole at CP-5 . The level schemes deduced from 

these capture gamma rays a re of special value because of the high p r e 

cision and sensitivity of this spectrometer . 

The gamma-ray spectrum resulting from thermal-neutron 

capture in Sm^* 9 was investigated with the bent -crys ta l spec t rometer . 

The observed spectrum consisted of 230 gamma rays with energies be

tween 40 keV and 2. 4 MeV. These precision measurements of gamma-ray 

energies and intensities were combined with a set of y-y coincidence and 

angular-correlat ion studies (performed with the 3-parameter analyzer 

built for use with the chopper) to modify and extend the level scheme of 

Smiso. Of particular interest in this new level scheme are the presence 

of three levels that may be associated with 3-phonon excitations of the 

nucleus. Very few states of this character have been identified to date 
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Fig . 3. Compar ison of the level 
schemes of spher ica l and de 
formed nuclei . In deriving the 
scheme for the spher ica l nucleus 
Sm^^o (above), the b e n t - c r y s t a l 
data were supplemented by y-y 
coincidence expe r imen t s . Sorting 
the complicated Hf^'^s spec t rum 
into the individual rotat ion bands 
shown above took full advantage 
of the high sensi t ivi ty and r e 
solving power of the b e n t - c r y s t a l 
s p e c t r o m e t e r . The number s a t 
the left of each level a r e the K 
va lue , spin , and par i ty . 
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The gamma-ray spectrum resulting from Tei23(n, y)Tei24 

has also been investigated with the bent-crys ta l spect rometer . Although 

the data have not been fully analyzed, there is evidence for a number of 

new low-lying states in Tei24. Similar measurements will be made on the 

gamma rays from neutron capture in enriched samples of Hgi*^, Hf^^^, and 

U238. In addition, the 3-parameter analyzer will be used to investigate the 

angular distribution of the gamma-gamma coincidence spectrum from 

neutron capture in these nuclei. 

Recent improvements in the apparatus include the installation 

of a new data-recording system which will record information in four 

channels at the same time, the data being punched on IBM ca rds ; a new 

method of rotating the bent crystal so that the precis ion of the energy de

termination is tripled; and an improved method of mounting powder samples 

to facilitate the use of enriched samples with the spect rometer . 

Future improvements in the machine will include installation 

of a quartz plate 2 mm thick (instead of the present 4 mm) in the hope of 

reducing the line width of the spectrometer from 9 sec to 5 sec of a r c , r e 

building the baffle collimator with stiffer lead plates in an effort to increase 

the counting rate (especially for low-energy gamma rays) , addition of a 

collimator in front of the bent crystal to reduce the background in the 

spectrometer and increase the energy range of the spectrometer to 3. 5 MeV, 

and installation of a new source-handling system so that a sample can be 

inserted in the reactor for investigations, removed while a second sample 

is investigated, and then re - inser ted for further investigation. An attempt 

will also be made to construct a mosaic of Ge crys ta ls to improve the 

sensitivity of the instrument. A monitor system for the gamma-ray de

tector system (a bank of Nal crystals) will allow the gain setting of the 

detector to be checked while the spectrometer is operating and thereby 

improve the precision of the gamma-ray intensity measurements . 



I - 2. 9. Magnetic Compton Spec t rometer (Pro jec t 1-56) 

R. S. P r e s t o n 

The Compton spec t rome te r is used to m e a s u r e the spec t rum 

of gamma rays that follow neutron capture in a source located in a C P - 5 

beam hole. Useful m e a s u r e m e n t s can be made in the region from 1 MeV 

to 15 MeV. This over laps the range of the ben t - c rys t a l spec t rome te r at 

the low end, and exceeds the range of possible capture g a m m a - r a y 

energ ies at the high end. At p resen t the ins t rument is opera ted at 0.6% 

resolut ion width. 

CAPTURING SAMPLE 
INSIDE REACTOR 
BEAM HOLE 

RECOIL PHOTON 
^ DETECTOR 

COMPTON 
RADIATOR 

1st SLIT 

MAGNET POLE 
FACE 

F i g . 4. The magnet ic Compton s p e c t r o m e t e r . Gamma rays from the cap
tur ing sample in the r e a c t o r eject Compton e lec t rons from the r a d i a t o r . 
The e lec t rons emerging in a selected direct ion from any par t of the 
rad ia to r a r e magnet ica l ly focused on the 1st s l i t . For a given m a g 
net ic field, the e lec t rons of the corresponding energy a r e refocused on 
the second slit and pass on to the e lec t ron de tec to r . Background can 
be suppressed by requir ing coincidence between a detected Compton 
e lec t ron and the recoil ing gamma photon that produced i t . 

The spec t rome te r was put into operat ion late in 1962. A 

cal ibra t ion run was c a r r i e d out with a sodium capturing sample , and 

m e a s u r e m e n t s on capture in DyiS4 have been s t a r t ed . 

Measu remen t s will be made on the spec t rum of gamma 

rays from neutron capture in Sni*" to complement m e a s u r e m e n t s that 
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have already been made with the bent-crystal spectrometer . Other m e a s 

urements will doubtless be made in conjunction with the bent-crys ta l 

spectrometer . 

Certain elements, starting with germanium, will be studied 

to determine the binding energy of the last neutron in several adjacent 

isotopes. The purpose is to see if the spectrometer can provide some p r e 

cise mass links for mass spectroscopy. 

Improvements will include a new electron-detection system 

to reduce the background counting ra te . The output of the control probe 

for the magnetic field will be digitized and recorded on punched tape, as 

counting rates are now. A new source-handling system and rea r beam 

shield must be built to permit quick changes of the source without interfer

ence with reactor operation and without exposing people to large doses of 

radiation. 

1 - 2 . 10, Capture Gamma Rays from Monoenergetic Neutrons (Project 1-55) 

S. Raboy and C. C. Trai l 

Two Nal scintillation spec t rometers , each w îth an anticoin

cidence annulus of Nal have been installed at CP-5 to study gamma rays 

from capture of monoenergetic neutrons. A cobalt m i r r o r is used to give 

an intense polarized neutron beam relatively free of gamma radiation. 

The energy of the neutrons is about 0.01 eV. 

An attempt was made to study the conservation of parity 

in strong interactions by measuring the ratio of the yield of gamma 

radiation parallel and antiparallel to the direction of neutron polarization 

from capture of polarized neutrons by hydrogen. An inconclusive result 

was obtained, probably because of electronic difficulties. Fur ther work 

is planned. 

The He3(n, y)He4 capture cross section has been studied. 

No gamma ray was seen; an upper limit will be placed on the cross 
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sect ion. If the t rans i t ion is 0 - 0, gamma radiat ion is forbidden but 

e l ec t ron -pos i t ron p a i r s should be emit ted. We plan to look for these in 

the coming yea r . 

Neutron capture by C12 and H^ has been observed . It now 

a p p e a r s that our appara tus can be used for capture g a m m a - r a y spec t roscopy 

in many ca se s in which the capture c r o s s section is a round a mi l l iba rn or 

l e s s . A genera l survey of nuclei with these smal l c r o s s sect ions is planned. 

The g a m m a - r a y spec t rum from neutron capture by Ca** has 

been observed and over 20 gamma rays have been identified. The 2-D 

ana lyzer will be used to study the decay scheme . 
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Fig. 5. Equipment at the 4. 5-MeV Van de Graaff acce le ra to r . The ex
periment set up on the left-hand beam line is the beam pulser and the 
apparatus to measure the lifetimes of nuclear excited states (pp. 22-24). 
Beyond it in the upper left corner is the circular t rack and the a r r a y 
of neutron detectors for the measurement of neutron polarization and 
differential cross section (pp. 17-21). One of the right-hand beam 
lines goes through the 90° electrostat ic analyzer to the neutron detector 
m the cylindrical shield with conical nose (upper center) used to study 
neutron scattering in the keV region (pp. 21-22). The large tanks in 
the upper right-hand corner a re the two shielded neutron detectors 
for measurement of scattering and capture cross sections. 
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1 - 3 . RESEARCH AT THE 4. 5-MEV VAN DE GRAAFF ACCELERATOR 

The exper imenta l p r o g r a m with the 4. 5-MeV Van de Graaff 
a c c e l e r a t o r is continuing along much the same lines as in prev ious y e a r s . 
Exper imen t s with fast neutrons a r e emphasized, especia l ly m e a s u r e m e n t s 
of the polar iza t ion of s ca t t e r ed neu t rons . Other exper iments include 
pu l sed -beam m e a s u r e m e n t s of the l i fet imes of excited s t a t e s , s tudies of 
Coulomb excitat ion by heavy ions, studies of nuc lear reac t ions induced by 
charged p a r t i c l e s , and m e a s u r e m e n t s of total neutron c r o s s sec t ions . A 
continuing p r o g r a m is d i rec ted toward the improvement of the a c c e l e r a t o r . 

1 - 3 . 1 . Neutron Po la r iza t ion and Differential C r o s s Section (Projec t I - l 8) 

A. J . Elwyn, R. O. Lane, and A. Langsdorf, J r . 

In the m e a s u r e m e n t s of the polar iza t ion of neutrons 

s ca t t e r ed from var ious nuclides, the po la r ized neutrons a r e produced in 
o 

the Li'^(p, n)Bea react ion . Those se lec ted for use a r e emit ted at 51 to the 
o 

beam di rec t ion . The neutron spins can be turned through 180 in a spin-

p r e c e s s i n g e lec t romagne t . After sca t ter ing, the neutrons a r e detected by 

banks of o i l -modera t ed BF3 counters enclosed in large shielding tanks . 

With this sys tem we a r e able to m e a s u r e both the polar iza t ion and the un-

po la r ized differential c r o s s sect ions at five angles s imul taneously . 

Using the previously m e a s u r e d polar iza t ion of neutrons 

emit ted at 51° in the Li' '(p, n)Be'7 react ion, we have invest igated the po l a r 

ization and differential c r o s s section in sca t te r ing from Si. At ene rg ies 

from 0. 2 to 0. 7 MeV, the differential c r o s s sect ions were analyzed in 

t e r m s of the p r o p e r t i e s of the resonance levels in Si^s . Two s ta tes at 

E = 0 536 MeV and 0. 571 MeV were ass igned the c h a r a c t e r s D^ and 
n ' ' 

n r espec t ive ly as a r e su l t of this ana lys i s . The m e a s u r e d polar iza t ion 

as a function of angle a g r e e d with theore t ica l p red ic t ions . The usefulness 

of s i l icon as an energy analyzer is r e s t r i c t ed , however, by the necess i ty 

for a very na r row energy spread in the neutron beam. 

By use of the same equipment, the polar iza t ion and differ

ential c r o s s section in n-d sca t t e r ing with s c a t t e r e r s of deu te ra ted 
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po lye thy lene w e r e m e a s u r e d wi th h igh p r e c i s i o n . R e s u l t s a t n e u t r o n 

e n e r g i e s of 0. 5 and 1. 0 MeV gave p o l a r i z a t i o n s that w e r e z e r o to wi th in 

2 — 3%. At 1. 95 MeV s m a l l p o s i t i v e p o l a r i z a t i o n s (about 4% m a x i m u m ) 

w e r e o b s e r v e d . P h a s e - s h i f t a n a l y s e s of the d i f f e r en t i a l c r o s s s e c t i o n s led 

to the conc lus ion that , a t l e a s t n e a r 2 MeV, D - w a v e n e u t r o n s w e r e c o n 

t r ibu t ing to the i n t e r a c t i o n . 

The p o l a r i z a t i o n in the s c a t t e r i n g of n e u t r o n s f rom o t h e r 

l ight nuc le i h a s been s tud i ed below E = 2 M e V . A t t e m p t s to a n a l y z e t h e s e 

r e s u l t s in t e r m s of ind iv idua l l e v e l s in the c o m p o u n d n u c l e i invo lved a r e 

cont inuing , (1) The s c a t t e r i n g and p o l a r i z a t i o n da ta for Mg in the r e g i o n 

be tween 80 and 500 keV have been a n a l y z e d in t e r m s of l e v e l s in M g ^ s . in 

th is r eg ion the p o l a r i z a t i o n s a r e l a r g e and change only g r a d u a l l y so that 

Mg is quite useful a s a p o l a r i z a t i o n a n a l y z e r . (2) The s c a t t e r i n g and p o l a r 

iza t ion f rom Li^ and Li'^ a r e being s tud ied in an a t t e m p t to u n d e r s t a n d the 

l a r g e and c o n s t a n t p o l a r i z a t i o n in both t h e s e nuc l e i up to e n e r g i e s n e a r 

2 MeV in t e r m s of only a few known l e v e l s in Li'^ and Li^ a n d / o r in te rnns 

of the op t i ca l m o d e l . (3) The s c a t t e r i n g and p o l a r i z a t i o n f r o m Be^ h a s been 

m e a s u r e d in the reg ion of the 7. 37 -MeV s t a t e in B e l ' ' , x h e p a r i t y of th is 

l eve l is not e x p e r i m e n t a l l y e s t a b l i s h e d . I n d i c a t i o n s f r o m p r e l i m i n a r y 

a n a l y s i s of our r e s u l t s f avo r s the a s s i g n m e n t 3 for th i s s t a t e , in a g r e e 

m e n t with a r e c e n t r e p o r t by A l t m a n , MacDona ld , and M a r i o n . 

Neu t ron b e a m s with l a r g e e n e r g y s p r e a d s a r e be ing u s e d 

to s tudy the s c a t t e r i n g f rom F , Na, Al , P , and K ( F i g . 6) . A l though the 

p u r p o s e was to s tudy g r o s s - s t r u c t u r e e f fec t s , the r e s u l t s s e e m to i n d i c a t e 

that the p r o p e r t i e s of ind iv idua l l e v e l s o r g r o u p s of l e v e l s a r e v e r y 

i m p o r t a n t at e n e r g i e s up to 2 MeV [even wi th the b r o a d e n e r g y s p r e a d 

( 1 0 0 — 150 keV) of the inc iden t b e a m . 3 S i m i l a r s t u d i e s on t a r g e t s of Z r , 

Nb, Cd, and Mo have been m a d e . In th is r e g i o n ( n e a r A = 100) a d e s 

c r i p t i o n of the r e s u l t s in t e r m s of an op t i ca l m o d e l a p p e a r s to be v e r y 

p r o m i s i n g even at e n e r g i e s below 1 MeV. A n a l y s i s in t e r m s of the 
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Fig . 6. The polar iza t ion as a function of angle for neutrons sca t t e red from F , Na, Al, 
' and P at energ ies of incidence (a) from 0. 2 to 1. 09 MeV and (b) from 1. 2 to 2.2 MeV. 

The e r r o r s indicated a r e s ta t i s t i ca l only. 
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Fig. 7. The polarization P(9) and the unpolarized differential c ross 
section dcr/df2 as a function of angle for neutrons scat tered from 
Cd at energies of incidence from 0. 275 to 0. 85 MeV. The points 
(circles and crosses) are the experimental values. The curves 
are calculated from a local optical model equivalent to the 
non-local model of Percy and Buck. The solid curves were cal 
culated with a value of 7. 2 MeV for the real spin-orbit potential, 
the dashed curves with 14 MeV. The effects of compound 
elastic scattering were included in the calculations. 

non-local optical model of Perey and Buck appears to be encouraging 

(Fig. 7). Further studies (with J. Monahan) of a local optical model 

equivalent to the above non-local model are being pursued; some qualita

tive features of the relation between the non-local and equivalent local 

model have been identified. 

In cooperation with W. F . Miller (AMD), the problem of 

the multiple scattering of neutrons in scattering samples in the shape of 

plates was studied in detail by means of a Monte Carlo program on the 

George computer. This is of considerable importance in the proper cor 

rection of experimental scattering data. 

It is hoped that the polarization and differential-scattering 

measurements mentioned above can be extended to a new type, that of 

"triple scattering. " The results of these experiments, in which the 
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neut rons undergo three success ive in te rac t ions before being detected, would 

enable one to study tensor polar iza t ion . In pr inc ip le , this type of i n t e r 

act ion gives a g rea t deal more informat ion on the nuc lear forces involved 

than can be obtained from the o rd inary polar iza t ion expe r imen t s desc r ibed 

above; but in the pas t it has been v i r tua l ly imposs ib le to obtain sufficient 

in tens i t ies for significant r e s u l t s . By careful design it now seems possible 

that exp lora tory t r i p l e - s c a t t e r i n g exper iments can be under taken with 

exist ing Van de Graaff a c c e l e r a t o r s . However, reasonably accu ra t e r e su l t s 

will r equ i r e (among other things) an a c c e l e r a t o r capable of del iver ing 

proton beam c u r r e n t s of the o rde r of m i l l i a m p e r e s at ene rg ie s of 3 6 MeV. 

Modification of the p r e s e n t exper imenta l a r r a n g e m e n t s to 

allow use of p las t ic or liquid sc in t i l l a tors is being contemplated. With 

pu l se - shape d i sc r imina t ion agains t y r ays and with the de tec to r s b iased 

to d i s c r imina t e agains t low-energy neut rons , such a modification would be 

useful in continuing the study of the polar iza t ion in the sca t t e r ing from 

heavy nuclei in the energy range 1. 0 2. 5 MeV. 

1 - 3 . 2 . Unbound Nuclear Levels in the KeV Region (Pro jec t I-9B) 

C. T. Hibdon 

The study of neutron resonances in light nuclei has continued. 

The pr inc ipa l study for the las t year was concerned with the resonances 

of p i * . The cu rves obtained indicate a la rge densi ty of l eve l s , mos t of 

which appear to be p-wave levels in F^" so that the p-wave s t rength func

tion is l a r g e . Additional data for other nuclei a r e needed for compar i son 

with the P , P doublet in the p-wave s t rength function for 
3 / 2 ' 1 /2 

15 < A < 32, p red ic ted on the bas i s of sp in-orb i t f o r ce s . This study will 

a l so include a careful r echeck of some smal l peaks in Al^'^ and P l " . 

A study of the resonances in Li^ and Li'^ has s t a r t ed and 

will continue. M e a s u r e m e n t s will extend from about 1 keV to about 

12 MeV. The addit ional equipment needed to cover this energy region is 

being designed. 
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A m e t h o d of a n a l y z i n g r e s o n a n c e l e v e l s by use of f l a t - a n d 

s e l f - d e t e c t i o n da ta has been d e v e l o p e d by C. Hibdon and J . E . M o n a h a n and 

is app l i cab l e in the p r e s e n t w o r k . It r e m o v e s m u c h of the u n c e r t a i n t y 

a s s o c i a t e d wi th the f ini te r e s o l u t i o n of the m e a s u r e m e n t s . An a t t e m p t i s 

be ing m a d e to extend the m e t h o d to m u l t i p l e - l e v e l a n a l y s i s . 

The n e u t r o n b a c k g r o u n d f rom s c a t t e r i n g by the t a n t a l u m b a c k 

ing of l i th ium t a r g e t s u s e d to p r o d u c e n e u t r o n s by the Li'^(p, n) r e a c t i o n w a s 

m e a s u r e d a t 120 f rom the d i r e c t i o n of the p r o t o n b e a m . The r e s u l t s 

obta ined up to 300 keV a r e be ing u s e d in c o r r e c t i n g da ta n e a r the p e a k s of 

r e s o n a n c e s . 

1 - 3 . 3 . Cou lomb E x c i t a t i o n of L e v e l s in K*° 

R. E. Hol land and F . J . Lynch 

We have begun the m e a s u r e m e n t of the C o u l o m b - e x c i t a t i o n 

c r o s s sec t ion of t h r e e low- ly ing l eve l s in K*" . The l o w e s t l e v e l (at 30 keV) 

has been o b s e r v e d wi th (He*) ions at the 4. 5 -MeV Van de Graaff a c c e l e r 

a t o r . We expec t to be ab le to exc i t e the two h i g h e r l e v e l s (at 800 keV and 

890 keV) with a h e a v y - i o n b e a m ( p o s s i b l y C l^s o r A*") f r o m the t a n d e m 

m a c h i n e . 

T h e s e l e v e l s m K*" a r e w e l l e x p l a i n e d by a j - j coup l ing 

m o d e l . The m o d e l a l s o p r e d i c t s the r e d u c e d m a t r i x e l e m e n t B(E2) m e a s 

u r e d in Coulomb exc i ta t ion , but wi th two p a r a m e t e r s depend ing on n u c l e a r 

effective c h a r g e which should be the s a m e for a l l of the l e v e l s . T h u s , 

with t h r e e m e a s u r e m e n t s the s y s t e m is o v e r - d e t e r m i n e d and one can c h e c k 

the s e l f - c o n s i s t e n c y of the m o d e l . 

1 - 2 - 4 . P u l s e d - B e a m M e a s u r e m e n t s of L i f e t i m e s of N u c l e a r E x c i t e d S t a t e s 

R. E. Holland, F . J . Lynch, a n d E . N. Sh ip ley ( P r o j e c t I -14) 

We have used a p u l s e d - b e a m techn ique wi th the 4. 5 -MeV 

Van de Graaff a c c e l e r a t o r to m e a s u r e l i f e t i m e s of n u c l e a r e x c i t e d s t a t e s . 
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W i t h the o l d e r t e c h n i q u e s w h i c h u s e r a d i o a c t i v e s o u r c e s , t he l a c k of a s u i t a b l e 

p a r e n t h a d of ten p r e v e n t e d l i f e t i m e m e a s u r e m e n t s . 

A s e r i e s of m e a s u r e m e n t s on e x c i t e d s t a t e s in V ^ ^ , Ga'^^^ 

A s ^ s , R b s s , a n d Sb^^a h a s b e e n c o m p l e t e d . T h e l e v e l s w e r e f o r m e d 

by C o u l o m b e x c i t a t i o n ; t h e m e a s u r e m e n t of t h e i r l i f e t i m e s g i v e s the p a r t i a l 

d e c a y r a t e s f o r e m i s s i o n of E 2 a n d M l r a d i a t i o n a n d the r a t i o b e t w e e n the 

t w o . 

T w o c l o s e l y s p a c e d l e v e l s in Se'^'^ h a v e b e e n i n v e s t i g a t e d 

in d e t a i l (by L y n c h a n d S h i p l e y ) . T h e l e v e l s a r e s o c l o s e l y s p a c e d t h a t 

t h e y a r e i n s e p a r a b l e b y o r d i n a r y m e t h o d s . H o w e v e r , t h e y a r e e a s i l y d i s 

t i n g u i s h e d by t h e i r l i f e t i m e s ( F i g . 8) . In t h i s w a y the l i f e t i m e s of the two 

l e v e l s a n d t h e r e l a t i v e i n t e n s i t i e s of the d e - e x c i t a t i o n g a m m a r a y s w e r e 

d e t e r m i n e d . 

P l a n s f o r i m p r o v i n g the e l e c t r o n i c e q u i p m e n t i n c l u d e a 

c i r c u i t f o r c o r r e c t i o n of the t i m e shi f t a s s o c i a t e d w i t h c h a n g e s in e n e r g y 
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of the scintillation event, a new time-to-pulse-height converter which will 

use an Esaki diode flip flop, and newer, more reliable gating c i rcu i t s . 

We also plan to extend these measurements to the tandem 

accelera tor . A system for obtaining a pulsed beam from the tandem by 

velocity modulation of the beam was recently completed. Six t imes the 

present beam intensity should be obtainable with a change now being studied. 

This requires a parabolic voltage for velocity modulation ra ther than the 

present sinusoidal voltage. This parabolic drive will be worth while only 

if the spread in ion velocities from the ion source can be made much 

smaller than now obtainable with our machine. However, recent work at 

the High Voltage Engineering Corporation indicates that direct extraction 

of negative ions from the ion source may greatly reduce the spread in ion 

velocity, 

I - 3. 5. (p, y) Proper t ies of Individual Unbound Levels (Project 1-21) 

R. Alias, M. Grace, S. S. Hanna, L. Meyer-Schutzmeis ter , 

R. E. Segel, and P . P . Singh 

The study of the proton-capture radiation from narrow in

dividual levels can often lead to a determination of the proper t ies of these 

levels. We have studied several of the states formed by bombarding B ^ 

with 1 4-MeV protons from the 4-MeV Van de Graaff. The level 

formed by the capture of 3. 13-MeV protons was studied in considerable 

detail; angular distributions were taken for the transi t ions to the ground 

state and first excited state, and the angular correla t ion of the -y rays 

through the first excited state was determined. These data suggest a 2 

assignment for the state. The angular distribution of the ground-state -y 

rays from the capture of 3.48-MeV protons by O^^ to form the 3. 86-MeV 

level in pi '^ has shown that this state is— , in contradiction to the long-
y -

accepted — assignment of this state. This new assignment plays an im

portant role in assigning the positions of the s ingle-part icle states formed 

by a proton orbiting an O ^ c o r e . 
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1 - 3 , 6 , The BJ-J-(p, a)BeS Reaction (Pro jec t 1-21) 

R, G. Alias , D, von Ehrens te in , J . R. E r sk ine , Luise M e y e r -

Schutzmeis te r , and J. A. Weinman 

Angular d is t r ibut ions were taken at 25-keV in te rva ls and 

at m o r e c lose ly spaced energ ies (about 10 keV apar t ) in the vicini ty of 

na r row r e s o n a n c e s . Severa l resonances were seen, but the very p r o m i n 

ent (p, a) resonance at a proton energy of 3. 13 MeV was not observed in 

this alpha exper imen t . The absence of a lphas es tab l i shes this state as 

T = 1. 

1 - 3 . 7 . Alpha Scat ter ing from Li^ 

D. S. Gemmel l and P . P , Singh 

A p r e l i m i n a r y invest igat ion of this reac t ion has been made 

at a l pha -pa r t i c l e ene rg ies from 2, 4 to 4, 6 MeV. Sca t te red alphas were 

detected at six angles by mounting six semiconductor counte rs in an 18-in. 

s ca t t e r ing c h a m b e r . Scat ter ing anomal ies cor responding to s ta tes in B^" 

at exci tat ion energ ies of 5. 93, 6. 16, 6. 42, and 6. 57 MeV w e r e obse rved . 

A computer p r o g r a m was wr i t t en to ca lcula te the sca t t e r ing 

of a spin-0 pa r t i c l e from a spin-1 t a rge t for the case of a conse rved 

orb i ta l angular momentum for a single level whose e las t ic s ca t t e r ing width 

is equal to its total width. The p r o g r a m computes differential c r o s s 

sect ions and plots graphs of these values at specified ang les . The 5. 93 -

MeV level is known to be 2 , and the computed c r o s s sect ions fit the 

m e a s u r e d ones very well in this c a s e . The broad level at 6. 57 MeV is 

bes t fitted by the ca lcu la ted curves for a 4 level . However, another 

b road level at 6. 88 MeV may be in terfer ing with this level , in which case 

the 6. 57-MeV sta te may be l ' or 4 ' . The na r row levels at 6. 16 and 

6. 42 MeV will r equ i r e m o r e careful exper imenta l data with thinner t a r g e t s 

before the i r spins and p a r i t i e s can be ass igned . 
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At h i g h e r e n e r g i e s , the t h r e e a p p r o x i m a t i o n s m e n t i o n e d 

above a r e e x p e c t e d to b r e a k down. Hence the p lan is to w r i t e a c o m p u t e r 

code for the m o r e g e n e r a l (and c o m p l e x ) s c a t t e r i n g f o r m u l a for the c a s e 

in which o the r r e a c t i o n c h a n n e l s a r e open, o r b i t a l m o m e n t u m c h a n g e s can 

o c c u r , and m o r e than one l e v e l is invo lved . 

It is p l a n n e d to c a r r y out f u r t h e r m e a s u r e m e n t s on th i s r e 

ac t i on in f iner e n e r g y s t e p s and a l s o a t h i g h e r b o m b a r d i n g e n e r g i e s wi th 

the t andem Van de Graaff . 

I - 3 . 8 . O p e r a t i o n of the 4. 5-MeV Van de Graaff A c c e l e r a t o r ( P r o j e c t I - l l ) 

R. L. A m r e i n and J . R. Wa l l ace 

The 4. 5-MeV Van de Graaff a c c e l e r a t o r h a s o p e r a t e d ove r 

4800 h o u r s s ince J a n u a r y 1962. It h a s been runn ing on a 9 0 - h r / w e e k 

schedu le wi th s ix o p e r a t i n g t e c h n i c i a n s and one chief t e c h n i c i a n . T h e r e 

a r e t en ta t ive p l ans to i n c r e a s e th is s chedu l e to 120 h r / w e e k . The a c c e l e r a 

to r has o p e r a t e d f rom 700 keV to 4. 5 MeV and it is c u r r e n t l y c a p a b l e of 

d e l i v e r i n g 40 [xA of p r o t o n b e a m c u r r e n t . 

A p p r o x i m a t e l y 20 s c i e n t i s t s have u s e d th i s a c c e l e r a t o r for 

r e s e a r c h in the p a s t y e a r . 

A l o n g - r a n g e p r o g r a m to i n c r e a s e the b e a m c u r r e n t of the 

a c c e l e r a t o r and to i m p r o v e the e n e r g y s t a b i l i t y h a s b e e n p u r s u e d wi thout 

i n t e r f e r i n g with the v e r y a c t i v e r e s e a r c h p r o g r a m be ing c a r r i e d on a t t h i s 

Van de Graaff. It wi l l con t inue b e c a u s e i t s s u c c e s s wi l l m a k e p o s s i b l e 

c e r t a i n s c a t t e r i n g e x p e r i m e n t s that a r e m a r g i n a l a t p r e s e n t . 

F o r e x p e r i m e n t s e m p l o y i n g s c i n t i l l a t o r s and o t h e r d e 

t e c t o r s s e n s i t i v e to x r a y s , it u s u a l l y is n e c e s s a r y to s h i e l d the d e t e c t o r s 

a g a i n s t x r a y s f rom the a c c e l e r a t o r . H o w e v e r , s h i e l d i n g a r o u n d the 

a c c e l e r a t o r i s p r e f e r a b l e to sh i e ld ing a r o u n d the v a r i o u s i nd iv idua l e x p e r i 

m e n t a l a s s e m b l i e s . T h e r e f o r e it is p l a n n e d to s h i e l d the open top and 

g rounded end of this a c c e l e r a t o r when it is m o v e d b a c k to p r o v i d e for 

b e a m s t e e r i n g . 
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1 - 3 . 9 . Modifications of the 4. 5-MeV Van de Graaff A c c e l e r a t o r 

A. Langsdorf, J r . 

Completed improvemen t s . (1) A new induction sys tem to 

place charge on the belt has opera ted very well for about 8 months . A 

s teady charging ra te is mainta ined more eas i ly than before and the lifetime 

of the bel t s e e m s to be i nc r ea sed (to more than 1200 hours for the p r e s e n t 

one). (2) Sparking in the machine has been reduced by halving the number 

of corona gaps in the voltage divider and cor respondingly doubling the 

voltage a c r o s s each gap. (3) The in te rmedia te shel ls between the p r e s s u r e 

tank and the high-vol tage e lec t rode were found to contr ibute l i t t le or nothing 

to operat ion of the machine . The space freed by the i r r emova l allows the 

machine to be moved so that b e a m - s t e e r i n g equipment can be ins ta l led. 

This will save operat ing t ime and will improve both the p r ec i s ion of expe r i 

men t s and the re l iabi l i ty of the r e s u l t s . 

Improvements ini t iated. (1) The use of grooved pulleys is 

being tes ted . (2) It is hoped that voltage fluctuations (now about 1000 volts 

in an operat ing voltage of 2 mill ion volts) can be significantly reduced by 

redes ign of the e lec t ronic control c i r c u i t s . (3) Ci rcui t changes in the 

power supplies for the focus voltage, e t c . should a l so help to improve the 

voltage stabi l i ty of the machine . (4) The machine will be moved back 

about 10 feet f a r the r from the exper imenta l floor to make room for a 

b e a m - s t e e r i n g sys tem and addit ional quadrupole l e n s e s . 

Studies of corona.(with R. B. Wehrle [RC] ). Because of 

the g rea t impor tance of corona d i scharge in Van de Graaff operat ion, 

s tudies of it have been r e - in i t i a t ed . A p r e s s u r i z e d tes t setup is needed for 

m e a s u r e m e n t of different corona and breakdown c h a r a c t e r i s t i c s in var ious 

gases and m i x t u r e s over the useful range of p r e s s u r e s . The objective is 

to find a usable gas mix tu re whose s p a r k - o v e r voltage is higher than that 

in the m i x t u r e s now used. 
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Voltage analyzer. Electrostat ic analyzers a re used to 

measure the beam energy and regulate the accelerator voltage. The 

larger and more precise one, which deflects the beam through 90 , has 

a maximum resolution of roughly 10 000. Its power supply (to set its 

deflecting plates at up to 25 000 volts above and below ground) should be 

resettable and stable to an accuracy approaching 1 part in 100 000 to 

reach the achievable precision of measurement . Such a supply has now 

been designed and is being built by the Electronics Division. 

LOW-LEVEL 
GAMMA CAVE 

(14 X 16 J 

BEAM CATCHER 
RECESSES 

Fig. 9. Floor plan of the experimental level of the Tandem wing. With 
two target a r e a s , equipment can be set up in one while the beam goes 
to the other. Each target area is connected to its own data-recording 
room. In the east target a rea , MS is the broad-range magnetic 
spectrograph (pp. 39-40) and y-y in the gamma cave is the angular-
correlation apparatus (pp. 41-42). In the west target a r e a , the 
circle marked 60" is the 60-in. scattering chamber (p. 38) and the 
small circles are small scattering chambers used in several exper i 
ments . 
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1 - 4 , RESEARCH AT THE 12-MEV TANDEM VAN DE GRAAFF 

The c h a r a c t e r of the p r o g r a m of nuclear r e s e a r c h changed 
significantly in June of 1962 when the tandem Van de Graaff genera to r 
s t a r t ed routine opera t ion . Since then, about fifteen phys ic i s t s have 
devoted the i r t ime to exper iments at the Tandem so that this is the 
l a rge s t single p r o g r a m in the divis ion. When funds become available, 
the p r o g r a m will be expanded fur ther by scheduling the a c c e l e r a t o r for 
continuous operat ion and by adding s e v e r a l staff m e m b e r s to the p r o g r a m . 

During the ini t ial yea r of operat ion, most of the e x p e r i 
ments at the Tandem were pe r fo rmed with re la t ive ly s imple a p p a r a t u s . 
Now, however , major p ieces of equipment a r e being put into s e rv i ce as a 
base on which to build an effective long-range p r o g r a m . The new ins t a l 
lat ions include a uniform-f ie ld magnetic s p e c t r o m e t e r , a n g u l a r - c o r r e l a 
tion equipment for -y-ray s tud ies , a 60- in . sca t te r ing chamber , and 
t e r m i n a l bundhing equipment. Also , an ASI-210 compute r and va r ious 
a c c e s s o r y equipment is soon to be ins ta l led on line at the Tandem to p e r 
form var ious functions of data s torage and ana ly s i s . The ASI-210 wil l , 
in t u r n , be t ied d i rec t ly to the CDC-3600. 

I . 4 . 1. Insta l la t ion and Operat ion of the Tandem Van de Graaff A c c e l e r a t o r 

W. F . Evans , F . P . Mooring, and J . R. Wallace 

The instal la t ion of the tandem Van de Graaff was completed 

in J a n u a r y 1962. The acceptance t e s t s of the a c c e l e r a t o r took place in 

F e b r u a r y 1962. It has been on a steady operating schedule to date except 
o 

for two p e r i o d s . A four-week per iod was requ i red for changing of the 90 

ana lyzer magnets and for r e - a l i gnmen t . A one-week period was r equ i red 

for ins ta l la t ion of a beam buncher . The Tandem was opera ted on a 9 0 - h r / 

week schedule until F e b r u a r y . 1963. At this t ime the r e s e a r c h schedule 

had become so heavy that it was deemed advisable to i nc rea se the operat ing 

t ime to 120 h r / w e e k . The Tandem has been opera ted for over 4100 hours 

to da te . The p r e s e n t operat ing schedule has r equ i red eight operat ing t e c h 

nicians and one chief technic ian . 

The a c c e l e r a t o r has been used to a c c e l e r a t e p ro tons , deu-

t e r o n s , s ing ly -charged a lphas , and doubly-charged a lphas . One group of 

e x p e r i m e n t e r s is c u r r e n t l y working on a pro jec t to a c c e l e r a t e st i l l heavier 
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ions. Research has been done with proton and deuteron energies as 

high as 13.9 MeV. The major items of experimental equipment in use 

or being installed at the Tandem a r e : (1) an 18-inch scattering chamber 

(Braid), (2) angular-correlat ion equipment (Braid), (3) a buncher and 

pulser for lifetime and time-of-flight measurements (Lynch), (4) a broad-

range magnetic spectrometer (Erskine), and (5) a 60-inch scattering 

chamber (Yntema). 

Approximately 20 scientists (including some from out

side the Physics Division) are now using the Tandem facilities for 

research problems. 

Plans for the coming year include (a) completing the ins ta l 

lation of items (4) and (5) mentioned above, (b) installing new inclined-

field accelerating tubes which should increase the beam current and also 

allow operation at a higher accelerating voltage, (c) a program for p ro 

ducing heavier ions for acceleration, (d) a small computer for mul t ipara

meter analysis and on-line data reduction and to feed part ial ly processed 

data directly to the CDC-3600, (e) a fast card read-out system for tabula

ting and plotting data from multichannel analyzers , and (f) a second 18-in. 

scattering chamber. 

I - 4. 2. Charged-Part ic le Reactions at the Tandem 

R. G. Alias, D. von Ehrenstein, J. R. Ersk ine , D. S. Gemmell , 

L. L. Lee, J r . , Luise Meyer-Schii tzmeister , J. P . Schiffer, P . 

P . Singh, J. A. Weinman, a n d B . Zeldman 

The proton, deuteron, and alpha-part icle beams from the 

tandem Van de Graaff a re being used to study a wide var iety of react ions. 

Much the same equipment is used in all of the studies by various combina

tions of the workers listed above. Most of the work to date has been done 

with semiconductor counters in the 18-in. scattering chamber designed by 

T. H. Braid. The standard counting electronics at the tandem has been 

used, including multiple-coincidence c i rcui t s , various multichannel 
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pu lse -he igh t a n a l y z e r s , and the IBM-1620 compute r . This p r o g r a m 

s t a r t ed with the f i rs t beams from the tandem in May 1962 and is con

tinuing with e v e r - i n c r e a s i n g act ivi ty . (At p resen t it t akes about 30% 

of the tandem t i m e . ) 

A. The BJ-°(d ,Lis)Lis React ion 

D. S. G e m m e l l , J . P . Schiffer , and J . R. E r sk ine 

Different ial c r o s s sect ions have been m e a s u r e d for this 

reac t ion at E = 8 , 10, 12, and 13.5 MeV at the tandem g e n e r a t o r . To 
d 

detect the Lis nuc le i , two semiconductor counters were placed a t the 

appropr i a t e pair of angles defined by the reac t ion k inet ics and then the 

pulses from the two counters were displayed on a 2-d imens iona l Nuclear 

Data ana lyzer (operated in i ts 32 X 32-channel m o d e ) , gated by a coin

cidence between the two c o u n t e r s . This technique was quite success fu l . 

At the higher ene rg ie s used in this expe r imen t , t he re is good r e a s o n to 

bel ieve that the reac t ion p roceeds via a d i rec t m e c h a n i s m involving the 

pickup of an i = 2 alpha p a r t i c l e . The p r e s e n t differential c r o s s sect ion 

at 12 MeV has been compared with a DWBA calculat ion by G. R. Sa tch le r . 

The calculat ion r ep roduces the main fea tures of the data —viz . , p rominent 

peaks at 40° and 140°. A computer p r o g r a m was coded to ca lcula te the 

angles at which to place the c o u n t e r s , the sol id-angle co r r ec t i on f a c t o r s , 

the c e n t e r - o f - m a s s a n g l e s , and the Lis e n e r g i e s . The t a r g e t s w e r e self-

supporting BIO foils p r epa red by an e l ec t ron -bombardmen t technique 

recen t ly developed by J . R. E r sk ine and D. S. G e m m e l l . 

B . Studies of (p,a) and (d,a) React ions (P ro jec t 1-21) 

R. G. A l i a s , D. von E h r e n s t e i n , J . R. E r s k i n e , 

Lu ise M e y e r - S c h u t z m e i s t e r , and J. A. Weinman 

K39(p , a )Ar3s . in this r eac t ion , eleven r easonab ly well 

r e so lved a l p h a - p a r t i c l e groups have been obse rved . These alpha groups 

lead to different levels in A r S s , of which only seven were prev ious ly 
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known. The a n g u l a r d i s t r i b u t i o n (e ight d i f fe ren t ang le s ) of each of t h e s e 

a l p h a - p a r t i c l e g r o u p s w a s m e a s u r e d a s a funct ion of the p r o t o n e n e r g i e s . 

When the a n a l y s i s is c o m p l e t e d , the s tudy wi l l be e x t e n d e d 

to (a) f luc tua t ions of the t o t a l c r o s s s e c t i o n and the p a r t i a l c r o s s s e c t i o n s 

and (b) a v e r a g e s of the to ta l c r o s s s ec t i on and of the p a r t i a l c r o s s s e c 

t ions ove r d i f fe ren t r a n g e s of p r o t o n e n e r g i e s . In add i t i on , the l e v e l s 

wil l be d e t e r m i n e d wi th h ighe r p r e c i s i o n by s tudy ing the d i f f e ren t a lpha 

g r o u p s with the m a g n e t i c s p e c t r o m e t e r . And the a l p h a - g a m m a c o r r e l a 

t ion wil l be m e a s u r e d to d e t e r m i n e g a m m a - r a y r a t i o s and , w h e r e v e r 

p o s s i b l e , the spins and p a r t i c l e s of l eve l s in A r ^ s 

C^^ (d, a)B^° . This r e a c t i o n shou ld e x c i t e only T = 0 s t a t e s 

in B l " if the i s o t o p i c - s p i n s e l e c t i o n ru l e h o l d s . The f i r s t s t e p w a s t h e r e 

fo re to look for the a lpha g r o u p that l e ads to the f i r s t T = 1 s t a t e in B l ° 

s ince i ts y ie ld is a good ind ica t ion of the i s o t o p i c - s p i n v i o l a t i o n in th i s 

r e a c t i o n . In the p a r t l y f in i shed m e a s u r e m e n t s , t h i s a l p h a g r o u p was d e 

f in i t e ly o b s e r v e d . At c e r t a i n ang le s and d e u t e r o n e n e r g i e s i t s i n t e n s i t y 

i s about 7% of the o the r o b s e r v e d a lpha g r o u p l ead ing to one of the T = 0, 

J = 1 s t a t e s and, s ince f o r m a t i o n of th is s t a t e is s t a t i s t i c a l l y i nh ib i t ed , 

the i s o t o p i c - s p i n v io la t ion is a c t u a l l y l a r g e r than t h i s i n d i c a t e s . 

P r e l i m i n a r y a n a l y s i s of the d a t a shows t h a t t he i s o t o p i c -

spin v io la t ion v a r i e s with d e u t e r o n e n e r g y ; at c e r t a i n d e u t e r o n e n e r g i e s 

th is p a r t i c u l a r a lpha g r o u p is not v i s i b l e a t a l l . Th i s p r o b l e m w i l l be 

s tud i ed c a r e f u l l y . 

C13 (p^ a)BJ-° . F o r th i s r e a c t i o n , the p r o t o n e n e r g i e s 

app l i ed m u s t exc i t e the compound nuc leus N^^ in to the s a m e r e g i o n of 

exc i t a t i on e n e r g i e s as in the c a s e of the C12 (d, a ) B i " r e a c t i o n s . The 

y ie lds of t h e s e two r e a c t i o n s l ead ing to the T = 0 and T = 1 s t a t e s in B i ° 

wi l l be c o m p a r e d . It is hoped tha t th is c o m p a r i s o n wi l l g ive i n f o r m a t i o n 

about the r e l a t i v e level d e n s i t y of T = 0 and T = 1 s t a t e s in the h igh ly 

exc i t ed compound nuc leus N l * and about the v a r i a t i o n of t h e s e l e v e l 

d e n s i t i e s as a function of the exc i t a t i on e n e r g y . 
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C. The Ca4''(d, d)Ca4i'and Ca40(d, p)Ca4i React ions 

L. L. Lee , J r . , J. P . Schiffer, a n d B . Zeldman 

Angular dis t r ibut ions and absolute differential c r o s s s e c 

tions have been measu red at the Tandem for the e las t ic sca t te r ing of 

deuterons from Ca4o and for Ca^o (d, p)Ca4l react ion to four prominent 

levels at 0, 1.95, 2.47, and 3. 95 MeV excitation. These resu l t s (Fig. 10)have 

been used to tes t Dis tor ted-Wave Born Approximations (DWBA) of the 

(d, p) reac t ions which, if a ccu ra t e , should be a powerful tool in studies 
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F i g . 10. Angular dis t r ibut ions from the Ca4o(d, p)Ca 4 1 ground-state 
reac t ion . Data such as these a r e being used to de te rmine the r e l i 
abil i ty of the d is tor ted-wave Born approximation in giving absolute 
spect roscopic factors for nuclear s t a t e s . 



34 

of nuclear s t ructure . Since Ca40 jg ^ doubly-magic nucleus, the levels 

observed in Ca"*! should be described accurately as a single neutron 

added to an inert Ca*" core . The DWBA calculations should then be 

able to predict both the absolute c ross sections and the angular d i s t r i 

butions for the proton groups studied. How well this prediction suc

ceeds is a measure of the validity and accuracy of the DWBA approach. 

Measurements were made at 1 MeV intervals for deuteron 

energies from 7 to 12 MeV. The DWBA calculations are being made by 

G. R. Satchler and his co-workers at ORNL. P re l imina ry results indi

cate that the deuteron elast ic-scat ter ing data can be fitted with several 

sets of optical-model parameters and that these pa rame te r s vary widely 

with incident deuteron energy. The (d, p) differential c ross sections p r e 

dicted by the DWBA calculations fit the data very poorly unless a cutoff 

is introduced in the radial integration. When a cutoff is introduced, the 

fits are much better but the predicted absolute c ross sections a re wrong 

by about 20% although this difference var ies widely with the par t icular 

deuteron energy and choice of pa r ame te r s . 

We are now making a similar study of the reaction 

Fe^4 (d, p)FeS5 to check on the possibility that Ca40 might be anomalous 

in its behavior. 

D. Elastic Scattering of Charged Par t ic les 

L. L. Lee, J r . and J, P . Schiffer 

The scattering of protons from nuclei can be described by 

the optical model which represents the nucleus by an average potential. 

Experiments have been conducted with the ANL tandem Van de Graaff 

generator to investigate to what extent a consistent set of pa rame te r s 

can describe this interaction over a se r ies of incident-part icle energ ies . 

It was found that in the scattering of deuterons from Ca*" the pa r ame te r s 

changed rather drastically with energy between deuteron energies of 7 and 
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12 MeV. Fo r e las t ic sca t te r ing of protons from Ni and Cu, r a t h e r good 

ag reemen t was found with a consis tent set of p a r a m e t e r s . The scat ter ing 

of 12-MeV pro tons , deu te rons , and alpha par t i c les from four isotopes of 

Ni has a lso been studied (Fig. 11 ) in o r d e r to invest igate the dependence 

of the potential p a r a m e t e r s on neutron e x c e s s . The r e su l t s were in good 

a g r e e m e n t with expectations for protons ; the deuteron and alpha par t ic le 

F ig . 11. C r o s s sections for e las t ic 
sca t te r ing of 12-MeV protons 
from Ni^s , expressed as a ra t io 
to the same c ro s s section for Ni?4. 
Such data can be used to d e t e r 
mine the need for var ious smal l 
cor rec t ions to the opt ical -model 
potent ial . In this case , the need 
for a symmet ry te rm [a depend
ence on the neutron excess 
( N - Z ) / A ] is demons t ra ted . 

12 MeV PROTONS ON Ni 
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resu l t s a re not so c lear cut. The fluctuation in the c ro s s section for 

e las t ic sca t te r ing of protons has also been studied to tes t ce r t a in p r e 

dictions of the s ta t is t ica l model , the so-ca l led "Er i c son f luc tua t ions ." 

It was found that the assumption of complete randomness was not valid 

in the Ni^s + p system and that non-random c lus te r ings of s t rong levels 

occur . Thus a r a the r bas ic assumpt ion of the s ta t is t ical model has been 

found to be invalid in a pa r t i cu la r c a s e . 
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I - 4. 3. Gamma Rays from Proton-Induced Nuclear Reactions (Project 1-21) 

R. Al ias , S. S. Hanna, L. Meyer , P . P . Singh, R. E. Segel, and 

M. Grace 

An extensive program has been undertaken to study the 

gamma rays produced in nuclear reactions initiated by the proton bom

bardment of nuclei. Both the 4.5-MeV Van de Graaff and the tandem 

have been used as sources of protons. The main detector has been a 

large Nal crystal (10 in. in diameter and 8 in. thick) used in conjunction 

with double-clipped amplifiers and multichannel ana lyzers . Circui try 

has been developed to suppress pileup. Where appropr ia te , coincidence 

circuits (commercial) have been used. In some cases in which there 

have been strong gamma rays in the 2 — 10-MeV range, a t h ree -c rys t a l 

pair spectronneter has been used. Finally, various small crysta ls 

ranging in diameter up to 4 in. have been used in conjunction with the 

big crystal . 

The work has divided itself into the following general a r e a s . 

1. Capture y rays from the giant resonance. With the 

tandem it is possible to excite nuclei in the giant-resonance region. 

These should then de-excite to the ground state with a strong e lec t r i c -

dipole y ray. Because of the poor resolution, work done with betatrons 

does little to settle the question of the degree of fine s t ructure in the giant 

resonance and therefore the inverse (p,y) reaction is being studied with 

the high resolution available with the tandem. Yield curves [F ig . 12(a)] 

and angular distributions for the B i i (p ,y )C i2 reaction have shown that 

the main feature of this reaction is indeed a broad peak centered at a 

bombarding energy of about 7 MeV. However the yield curve is by no 

means Gaussian, showing many small deviations from a smooth shape. 

However, the angular distributions vary but little—even where there a re 

sharp breaks in the yield curves. The y rays to the first excited state of 

C12, which is presumably below the giant-resonance region, show even 
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m o r e s t r u c t u r e ; and he r e the angular d is t r ibut ions do vary cons iderably . 

Capture y r ays from bombardment of B^O^ Al^'^ [ F i g . 12(b)] , and Be9 

have been surveyed and a m o r e detai led study of some of these is 

planned for the coming y e a r . 
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F i g . 12. Yield curves of (a) the B i i ( p , y ) C i 2 react ion and (b) the 
A127(p,Y)Si2e reac t ion . 

2. Gamma rays following inelas t ic sca t t e r ing . With the 

tandem it is possible to cleanly and strongly excite some bound levels of 

nuclei which a r e r a the r inaccess ib le by other m e a n s . This is being put 

to use in studying the energy levels of B^O by observing y-y coincidence 

following the bombardmen t of BK) with protons from the tandem. The 

var ious levels have been m e a s u r e d and their decay p rope r t i e s de te rmined . 

Severa l of the m o r e subtle p rope r t i e s of the decay s c h e m e s , which were 

unresolved in fo rmer s tud ies , have now been c leared up. 
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1 - 4 . 4 . Spins of Excited Nuclear States by p-y Angular Correlat ions 

D. S. Gemmell, L. L. Lee, J r . , and J. P . Schiffer 

As part of a continuing program to study the neutron single-

part icle states in medium-weight nuclei, a program to measure (d, py) 

angular correlations has been star ted. When this proton-gamma angular 

correlat ion is measured for a proton group corresponding to i = 1 neu

tron capture, the spin of the state in question can usually be assigned. 

The first measurements have resulted in an assignment ol spins — and 

— to states in Ca 41 at excitations ot 2.47 MeV and 3.95 MeV respectively. 

The measurement tor the 2. 47-MeV state is par t icular ly significant since 

it is contrary to the trend observed lor low-lying p states in slightly heavier 

nuclei, 

1 - 4 . 5 . The 60-Inch Scattering Chamber at the Tandem (Project 1-22) 

J. L. Yntema and W. J. O'Neill 

A second 60-in. scattering chamber (in some respects 

similar to the one currently in successful operation at the cyclotron, but 

incorporating several improvements and additional features) is being in

stalled at the Tandem. The basic structure of the new instrument is 

nearly complete. The design of the mechanism to move a detector through

out the upper hemisphere will be started when the present (d, p) and (p, p) 

experiments on Ti46 , Ti*^ , Ti^s , Ti*® , and Ti^o have been completed. 

A three-dimensional television system has been constructed 

to enable the experimenter to keep the detector that moves in the upper 

hemisphere from colliding with those in the horizontal plane. This design 

is a considerable improvement over previous 3-D television systems 

since it does not require as intense illumination and it eliminates ghosts 

and cross talk. 
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I - 4 . 6 . Broad-Range Magnetic Spect rograph 

J , R . E r sk ine 

This magnetic spec t rograph , now being ins ta l led in the 

eas t t a rge t room ot the tandem Van de Graatf, will be one ol only a 

tew such ins t ruments tor which bombarding energ ies up to 13.5 MeV 

are ava i lab le . At this energy the spec t rograph can be used tor high-

reso lu t ion studies ot heavy nuclei by use ot c h a r g e d - p a r t i c l e r eac t i ons . 

The high resolut ion and freedom t rom overloading at high pa r t i c l e f luxes, 

which a r e in t r ins ic to magnetic ana lys i s , enable the spec t rog raph to be 

used tor ce r t a in exper iments that cannot be done with so l id - s t a t e de tec tors 

and mult ichannel a n a l y z e r s . F igu re 1 3 is a photograph of the i n s t r u m e n t . 

Some r e s e a r c h topics that will be of pa r t i cu la r i n t e r e s t 

when the spec t rog raph is ready for use a r e (1) the ene rgy- l eve l s t r uc tu r e 

ot heavy deformed nuclei and nuclei near closed she l l s , (2) the react ion 

mechan i sm ol deuteron str ipping on deformed nuclei , (3) reac t ions induced 

by bombardmen t with complex nuclei , (4) coincidence exper iments in which 

the spec t rog raph s e r v e s as a h igh- reso lu t ion s p e c t r o m e t e r , and (5) 

m e a s u r e m e n t s of reac t ion products emit ted v e r y near the beam d i r e c 

tion where so l i d - s t a t e de tec to r s cannot be used because of the very high 

tlux of e las t ica l ly sca t t e red p a r t i c l e s . 

I - 4. 7. Beam P u l s e r for the Tandem A c c e l e r a t o r 

F . J . Lynch 

The beam-pu l s ing sys tem recen t ly cons t ruc ted at the 

Tandem a c c e l e r a t o r is s i m i l a r to that at the Univers i ty of Wiscons in . 

The ion beam is bunched by veloci ty modulation in a 3-gap modulator 

p laced between the negat ive- ion source and the a c c e l e r a t o r . After a c 

ce le ra t ion , the beam is chopped by sweeping it ve r t i ca l ly a c r o s s a slit 

by m eans of a 3. 7 5 - M c / s e c r t field. 
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Fig. 13. Broad-range magnetic spectrograph. Nuclear track plates 
located in the focal plane of the magnet are the pr imary means of 
studying reaction products. The camera that holds the plates during 
a bombardment extends above the experimenter 's platform at the top. 
In an alternative mode of operation, in which the magnet serves as a 
spectrometer , a quadrupole lens is mounted between the target 
chamber and the magnet; and a semiconductor particle detector is 
placed at the focal point. 
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The phase difference between the buncher and chopper is 

a ccu ra t e ly mainta ined and moni tored so that the chopper t r ansmi t s the 

peak of the bunched beam. E lec t rodes ahead of the buncher deflect the 

beam away from the ent rance of the a c c e l e r a t o r during the nonbunching 

p a r t of the rf cycle . 

The m e a s u r e d ion c u r r e n t at the peak of a bunch is 8 t imes the 

c u r r e n t in the unbunched beam. The durat ion of a pulse is l e s s than 2 n sec . 

I - 4. 8. G a m m a - G a m m a Angu la r -Cor re l a t ion Appara tus 

T. H. Bra id and J. T. Heinrich 

A facility for conducting th ree -d imens iona l g a m m a - g a m m a 

co r r e l a t i on exper imen t s is now being completed in the eas t t a rge t room. 

F igu re 14 shows the appara tus in its low-background cave before the shield 

wall was e rec ted in front of the cave opening. The appara tus provides 

th ree a r m s on which de tec to r s may be mounted: a p r i m a r y , a secondary, 

and a " s p a c e " a r m . All three may be rotated about a common ve r t i ca l 

axis by remote control from the eas t data room. In addition, the counter 
o 

c a r r i a g e on the curved " space" a r m can be posit ioned from 8 below to 

90° above the hor izonta l sca t t e r ing plane. The p r i m a r y a r m was designed 

to support a 1000-lb detector with its face at a radius of 4 — 27 in. , the 

secondary a r m for a 100-lb load at a radius of 2 — 16 in. , and the space 

a r m for 250 lb. at 4 — 24 in. The horizontal c i r c l e that jus t c l e a r s the 

support columns of the space a r m has a radius of 44 in. , but the ent i re 

space a r m and its support ing bridge s t ruc tu r e may be removed so that 

the dis tance from ta rge t to counter can be extended. A number of vacuum-

tight t a rge t c h a m b e r s a r e being provided. One has a t a rge t wheel, r e 

mote ly control led from the eas t data room, so that any one of eight t a rge t s 

may be se lec ted for u se . Remotely control led hor izonta l and ver t ica l 

motions of the whole sys tem a r e provided so that the cen te r of rotat ion of 

the a r m s can be placed on the Tandem beam. 
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Fig. 14. The angular-correlat ion apparatus at the Tandem 
accelerator . 
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5. RESEARCH AT THE 60-IN. CYCLOTRON 

The 60- in . cyclotron is one of the low-energy a c c e l e r a t o r s 
opera ted by the Chemis t ry Division. It a c c e l e r a t e s a pa r t i c l e s to 43 . 2 
MeV, deu te rons to 22.6 MeV, and protons to 10.8 MeV. F o r all th ree 
of these p ro j ec t i l e s , it can produce external beams at the shut ter in excess 
of 0. 1 ma . In addit ion, it a cce l e r a t e s L i s to an energy of 66 MeV with 
usable external b e a m s of the o r d e r of 0 .01 j ia . Modifications to be made 
in the fall will enable the machine to a c c e l e r a t e He^ to 28 MeV and ( p r o 
bably) LIT in addition to the nuclei now acce le ra t ed . 

The beam-handl ing equipment cu r r en t ly cons i s t s of a beam 
squeeze r , t h r e e se ts of quadrupole l e n s e s , and two sets of left- r ight and 
up-down deflection magne t s . A switching magnet pe rmi t s the use of five 
different exper imenta l s t a t ions . The energy of the incident pa r t i c l e s can 
be lowered by use of a r emote ly control led foil changer at the focal point 
of the f i r s t set of quadrupole l e n s e s . 

Now that a second exper imenta l a r e a is being buil t , it has 
become feasible to instal l a beam-analyzing magnet s y s t e m . It is an t i c i 
pated that th is sys tem will be ready near the end of 1963 and will provide 
a reso lu t ion width of 0. 1% or l e s s . The cyclotron is in operat ion approx i 
mate ly 80 h r / w e e k . On the a v e r a g e , the Phys ics Division uses 25-30% of 
the operat ion t ime of the machine . 

I _ 5. 1. The 60- In . Scat ter ing Chamber at the Cyclotron (Projec t 1-22) 

J . L . Yntema and H. W. Broek 

The e las t ic and inelast ic sca t t e r ing of 43-MeV alpha p a r 

t i c l e s by nuclei in the region from Ca4» to ZnSS^ by four stable isotopes 

of Zr and by Pb^oa were s tudied. The alphas were detected by silicon 

s u r f a c e - b a r r i e r d e t e c t o r s . In al l t a rge t s studied, alpha groups c o r r e s p o n 

ding to t = Z we re seen at about 1 MeV excitation and o thers c o r r e s p o n d 

ing to .f = 3 w e r e seen at about 4 MeV m o r e s t rongly excited in even-even 

than in odd-A t a r g e t s . The 3" c r o s s sect ion i n c r e a s e s with A, but the 2 

c r o s s sect ion v a r i e s i r r e g u l a r l y with A. 

The e las t ic sca t te r ing of 21.4-MeV deuterons by the five 

s table isotopes of Ti, and by Pb 2 0 s , P b ^ o s , and Ca has been m e a s u r e d . 

The diffraction pa t te rn c l ea r ly shows the effect of shell c lo su re in Ca4o, 
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TiSO, and P b ^ o s . The i n e l a s t i c s c a t t e r i n g to t he 2^ s t a t e s of Ti^^ and 

T i * s has a c o n s i d e r a b l y l a r g e r c r o s s s e c t i o n than the one to the 2 s t a t e 

of T iSO. The a n g u l a r d i s t r i b u t i o n s of the t r a n s i t i o n s to the 4 s t a t e s do 

not give a c l e a r d i f f rac t ion p a t t e r n . 

The (d, t) r e a c t i o n on the Ti i s o t o p e s was s tud i ed at a d e u 

t e r o n e n e r g y of 2 1 . 4 MeV. The r e s u l t s show c o n c l u s i v e l y tha t s e n i o r i t y 

mixing o c c u r s in the Ti i s o t o p e s . Some a d m i x t u r e of 2p n e u t r o n s w a s 

de t ec t ed in the g r o u n d - s t a t e wave func t ions of T i^" and Ti^e . 

The (d ,p) r e a c t i o n on five s t ab l e i s o t o p e s of T i , t h r e e of 

P b , and four of Z r was a l s o i n v e s t i g a t e d at an i n c i d e n t - d e u t e r o n e n e r g y 

of 2 1 . 4 M e V . C o n t r a r y to the expec t a t ions f rom the s i m p l e t h e o r y , it is 

p o s s i b l e to identify the i v a lue of t r a n s i t i o n s in a n u m b e r of c a s e s . D i s 

t o r t e d - w a v e B o r n - a p p r o x i m a t i o n c a l c u l a t i o n s have been u s e d to e x t r a c t 

the s p e c t r o s c o p i c f ac to r for a n u m b e r of t r a n s i t i o n s in the T i i s o t o p e s . In 

some c a s e s t h e s e ca l cu l a t i ons can be c o m p a r e d wi th t h e s p e c t r o s c o p i c 

f a c t o r s d e r i v e d f rom the (d, t) r e a c t i o n . Th i s c o m p a r i s o n shows t h a t the 

a s s u m p t i o n s u s e d in m o s t DWBA c a l c u l a t i o n s a r e not j u s t i f i ed in a l l c a s e s . 

The Ti49 (d, p)TiSO t r a n s i t i o n s to the 1 .56 - and 2. 7 6 - M e V 

l eve l s a l s o show c o n c l u s i v e l y that s e n i o r i t y mix ing o c c u r s in Ti49 . The 

(d, He3 ) r e a c t i o n has been m e a s u r e d for 2 1 . 4 - M e V d e u t e r o n s i nc iden t on 

C a and the s t ab l e i so topes of t i t a n i u m . It was found tha t the Id^, ho le 

s t a t e in Sc4S ig l e s s than 100 keV f rom the g r o u n d s t a t e , t ha t t h e r e i s a t 

l e a s t one d hole s t a t e at l e s s than 100 keV f rom the g r o u n d s t a t e of Sc46 

and ano the r n e a r 400 keV exc i t a t i on , but tha t in Sc 48 and Sc49 the d , 
3 / Z 

hole s t a t e m o v e s to exc i t a t ion e n e r g i e s h i g h e r than the exc i t a t i on e n e r g y 

of the 2s . hole s t a t e . The s e p a r a t i o n of the g r o u n d s t a t e and 2s . ho le 

s ta te v a r i e s f rom about 1 MeV in Sc 4 s to about 2. 4 MeV in Sc 4 9 ; in a l l 

i n s t a n c e s it is s m a l l e r than the m e a s u r e d 2d , - 2 s , s e p a r a t i o n of 

2 .60 MeV in K 3 9 . 
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The gas scat ter ing sys tem has been used for studies of 

the (d, d) and (d, p) react ions on He 4 . S imi la r exper iments on O is and 

HeS a r e planned when a sys tem with a s m a l l e r and g r e a s e - f r e e volume 

i s comple ted . 

The data-handling sys tem will be redesigned in o r d e r to 

speed up the read-out and to make, be t te r use of the computer fac i l i t ies . 

The sca t te r ing chamber will very probably be moved to the second ex

pe r imen ta l a r e a when the magnet ica l ly analyzed beam becomes avai lab le . 

1 - 5 . 2 . Studies of Pickup React ions (Pro jec t 1-24) 

T. H. Bra id and B . Zeldman 

The 21.5-MeV deuteron b&am of the 60- in . cyclot ron is 

being used to study nucleon pickup react ions by means of (d, t) and (d,He3) 

r eac t i ons . These react ions p rov ide a sensi t ive probe for the examination 

of the nuclear s t ruc tu re of the t a rge t nuclei and res idua l nucle i . The p r e 

sence of s e v e r a l groups involving f-neutron pickup in the spec t r a from 

(d, t) reac t ions on t a rge t s containing 28 neutrons ( e . g . , C r ^2 and F e ^ * ) 

is conclusive evidence for senior i ty mixing in these nuclei . In F e 54 _ the 

observat ion of p r e c i s e l y four strong groups and their exci tat ion energ ies 

shows the p r e s e n c e of the s ta te whose isotopic spin is the analog of that 

of Mn^s . The (d,He3) react ion on Ca40 yields the location of the s ing le -

pa r t i c l e hole s ta tes in K39 , where the 2s^^2 s ta te is shown to be about 

2.6 MeV above the Id s t a t e . The (d,He3) react ions on F 19 and Sc4S , 

each of which has one proton outside a p resumab ly closed shel l , show strong 

configuration mixing in both nuclei . The nuclei studied have included p i s , 

A127, Ca40, Sc45, Ti*e, V ^ i , CrS2 , Fe54 , F e ^ , MnSS, Ni^s , a n d N i s o . 

The m e a s u r e m e n t s will be extended to other nuclei in this 

region and to l a r g e r sca t ter ing angles in o rde r to provide m o r e complete 

information concerning the react ion mechan i sms and nuclear s t r u c t u r e . 

Improvements in exper imenta l technique through the use of fas ter and 

m o r e v e r s a t i l e e lec t ron ics will provide improved energy resolut ion at 

h igher counting ra tes and a lso pe rmi t the s imultaneous detect ion of more 

than one type of p a r t i c l e . 
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F i g . 15. Raw da t a (from 
the d i s p l a y on the nnul t i -
channe l a n a l y z e r ) f rom 
the VSl (d, He3)Ti5<' r e a c 
t ion a t 20° l a b . The p e a k s 
shown c o r r e s p o n d to p i c k 
up of lf.^/2 p ro tons to l eave 
the T i ^ o in the 0+, 2+, 4"*', 
and 6'*" s t a t e s , r e s p e c t i v e l y . 
The fifth peak and o t h e r s to 
the left c o r r e s p o n d to p i c k 
up of p a r t i c l e s f rom the 
l d - 2 s s h e l l . 

• 0 Ground 

- 2 1.4 MeV 
- 4 , 2. 7 MeV 
- 6 ^ 3. 3 MeV 

1 - 5 . 3 . M e a s u r e m e n t s of D e u t e r o n P o l a r i z a t i o n ( P r o j e c t 1-22) 

B . Z e l d m a n and J . L . Yn tema 

Since the d e u t e r o n has spin 1, the s tudy of d e u t e r o n p o l a r i 

zat ion is compl i ca t ed by the p r e s e n c e of t e n s o r p o l a r i z a t i o n in add i t ion 

to t he v e c t o r p o l a r i z a t i o n c h a r a c t e r i s t i c of p a r t i c l e s wi th sp in 1/2. F o r 

a v e c t o r p o l a r i z e d b e a m , the p o l a r i z a t i o n in a r e a c t i o n m a y be m e a s u r e d 

by the a s y m m e t r y in s c a t t e r i n g in the p lane p e r p e n d i c u l a r to t he i nc iden t 

p o l a r i z a t i o n . If t e n s o r p o l a r i z a t i o n is p r e s e n t , it is a l so n e c e s s a r y to 

i nves t iga t e the s ca t t e r i ng out of th is p l a n e . The 2 1 . 5 - M e V d e u t e r o n 

beam of the 60 - in . c y c l o t r o n is t h e r e f o r e being s c a t t e r e d t w i c e , the f i r s t 

(po lar iz ing) s c a t t e r i n g provid ing a b e a m for the second (ana lyz ing) s c a t 

t e r i n g in o r d e r to m e a s u r e d e u t e r o n p o l a r i z a t i o n s . 

A dev ice has been c o n s t r u c t e d to m e a s u r e the a s y m m e t r y 

in counting r a t e at equal angles on e i t h e r s ide of the second b e a m . Th i s 

dev ice has been t e m p o r a r i l y i n s t a l l e d in the 6 0 - i n . s c a t t e r i n g c h a m b e r . 



47 

where p r e l i m i n a r y m e a s u r e m e n t s in the plane of the f i rs t sca t ter ing have 

been m a d e . A s y m m e t r i e s have been obse rved , but much addit ional work 

is r equ i r ed to de te rmine the i r or ig in . A sca t te r ing chamber which is 

near ing completion wil l allow nneasurements to be made as theplane of 

the second sca t te r ing is ro ta ted about the second beam d i rec t ion . 

I - 5 . 4 . F i s s ion of Cf252 

T. H. Bra id and H. Diamond (CHM) 

Rare modes of spontaneous fission of Cf252 have been 

m e a s u r e d in a continuing study. The long-range alpha spec t rum was 

m e a s u r e d some t ime ago and an effort to detect t r ip le fission is in 

p r o g r e s s , 

P lans for the future include a t t empts to obtain the angular 

d is t r ibut ion of the long-range alphas with r e spec t to the fission d i rec t ion , 

and to m e a s u r e the spec t r a of other light pa r t i c l e s emit ted in the fission 

p r o c e s s . The 3 - p a r a m e t e r analyzer is used for these e x p e r i m e n t s , and 

it is hoped that s p a r k - c h a m b e r techniques can be used with profi t . A 

study of the f ission induced in var ious t a r g e t s by ine las t ic sca t ter ing of 

the Li beam fronm the cyclotron is being tentat ively planned in cooperat ion 

with A. F r i e d m a n (CHM). 
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Fig. 15. Ion source of the electron-bombardment 
universal detector of the Mark II atomic-beam 
machine. To detect the neutral atomic beam 
which passes through the apparatus from left 
to right, electrons a re shot up through the beam 
from the Pierce gun at the bottom left of the fig
u re . The ions formed are drawn to the right, deflected through 90°, accelerated out of the plane of 
the page, and focused into a mass - spec t romete r magnet. The ions are counted individually after 
detection with an electron-multiplier tube. The ion-box assembly is kept at liquid-nitrogen temper
ature to reduce the background of ions not originating in the bombardment of the beam. 

Fig. 17. Schematic diagram of the electronic c i r 
cuitry for synchronous detection of the atomic 
beam as used for the Cr53 experiment. The 
atomic beam is represented schematically near 
the top of the figure. 
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1 - 6 . OTHER NUCLEAR EXPERIMENTS 

Severa l exper imenta l nuclear invest igations in the 
Phys i c s Division a r e not c lose ly assoc ia ted with any of the major 
s o u r c e s of neutrons or charged p a r t i c l e s . These independent s tudies 
a r e col lected for convenience in this sect ion. 

1 - 6 . 1 . A tomic -Beam Resea rch (Projec t 1-80) 

W. J . Chi lds , L . S. Goodman, and J . Dalman 

Efforts in the a tomic -beam magne t i c - r e sonance project 

have recen t ly been focused on completion and operat ion of the new 

(Mark II) a p p a r a t u s . Investigation of the hyperfine s t ruc tu r e of C r ^ s 

has been completed and Fe^7 is under study. 

The newly- ins ta l led un iversa l de tec tor of the Mark II 

a tomic -beam machine is capable of unusually high sens i t iv i ty . This is 

achieved by the use of the l iquid-ni t rogen-cooled ion source (Fig. 16) 

and novel synchronous counting techniques (Fig. 17). The number of 

isotopes whose hyperfine s t ruc tu r e can be quanti tat ively examined is 

thereby i nc rea sed cons iderab ly . 

While such m e a s u r e m e n t s on stable isotopes a r e of great 

i n t e r e s t , the machine will a lso make m e a s u r e m e n t s on radioact ive i s o 

topes much more s t ra igh t forward . Although the de tec tor cannot be used 

to observe resonances in radioact ive a toms (because of lack of intensi ty) , 

it can be used for oven al ignment and monitor ing of the beam stabi l i ty . 

Col lect ion of data should the re fore be much more efficient. 

In the previous work in this p r o g r a m , r e s e a r c h on r ad io 

act ive a toms has frequently been hampered by a lack ot knowledge of the 

e lec t ronic g factor or of the magnet ic field which the a tomic e lec t rons 

produce at the posi t ion ol the nuc leus . The Mark II machine , which can 

make such m e a s u r e m e n t s on stable a t o m s , will end the dependence on 

other l abo ra to r i e s or on tedious rre a su remen t s with radioact ive nuclei . 

M e a s u r e m e n t s on the nuclear p r o p e r t i e s of radioact ive a toms will thus 

be s h o r t e r and more productive than in the pas t . 
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When the M a r k II m a c h i n e is equ ipped for m e a s u r e m e n t 

of the p r o p e r t i e s of r a d i o a c t i v e a t o m s , the M a r k I m a c h i n e w i l l be r e 

t i r e d . The p lan is to r e p l a c e it with a M a r k III a p p a r a t u s , a v e r s a t i l e 

a t o m i c - b e a m m a c h i n e which could be u s e d for h i g h - p r e c i s i o n r a d i o -

f r e q u e n c y s p e c t r o s c o p y of a t o m i c b e a m s and for novel e x p e r i m e n t s that 

would d i r e c t l y d e t e r m i n e the m a g n i t u d e s and s igns of n u c l e a r m o m e n t s . 

1 - 6 . 2 . D e c a y of S h o r t - L i v e d R a d i o n u c l i d e s ( P r o j e c t s 1-36, 37, 38) 

S. B . B u r s o n a n d E . B r o o k s S h e r a 

B e t a - R a y S p e c t r o m e t e r . The r a d i o n u c l i d e s s tud ied 

w e r e Ho 1S6^ R g i s s ^ and W i s s . The o b s e r v e d p a r a m e t e r s of the d e c a y 

of W1S8 he lp to conf i rm the 1 a s s i g n m e n t of the g r o u n d s t a t e of R e l s e 

and aid in developing the t o t a l d e c a y s c h e m e of W i s s . 

E x p e r i m e n t s on v a r i o u s baffle s y s t e m s wi th in the s p e c 

t r o m e t e r showed that the p r e s e n t i n s t r u m e n t i s i n a d e q u a t e fo r s tudying 

d e t a i l e d s p e c t r a l s h a p e s of b e t a - r a y d i s t r i b u t i o n s (to s tudy b e t a - d e c a y 

i n t e r a c t i o n s and n u c l e a r m a t r i x e l e m e n t s ) . H o w e v e r no c h a n g e s a r e 

p lanned s ince it is e x t r e m e l y s t a b l e and p r e c i s e in d e t e r m i n i n g endpo in t 

e n e r g i e s and i n t e r n a l - c o n v e r s i o n c o e f f i c i e n t s . 

S o l i d - s t a t e d e t e c t o r s w e r e i n s t a l l e d in the b e t a - r a y s p e c 

t r o m e t e r to p r o v i d e e n e r g y d i s t r i b u t i o n s usefu l in the s tudy of baffle 

s y s t e m s . A second p u r p o s e was to s t a r t a l i b r a r y of s p e c t r a l s h a p e s so 

that s o l i d - s t a t e d e v i c e s can be u s e d as quan t i t a t i ve b e t a - r a y d e t e c t o r s . 

A n g u l a r - C o r r e l a t i o n A p p a r a t u s . A fully a u t o m a t e d s y s t e m 

for m e a s u r i n g g a m m a - g a m m a d i r e c t i o n a l c o r r e l a t i o n s h a s b e e n c o n s t r u c t e d . 

We have s t a r t e d to m e a s u r e the g a m m a - g a m m a c o r r e l a t i o n in the 230 — 

63-keV c a s c a d e in W i s s as an a id in a s s i g n i n g p a r a m e t e r s to the e x c i t e d 

s t a t e s of the odd-odd nuc leus Re i s s 

Use of s o l i d - s t a t e d e t e c t o r s wi l l p e r m i t m e a s u r e m e n t of 

o the r types of c o r r e l a t i o n s such a s b e t a - g a m m a o r e l e c t r o n - e l e c t r o n 

c o i n c i d e n c e s . 
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F i g . 18. Ful ly automated suspension for the two scinti l lat ion de tec tors 
of the angu l a r - co r r e l a t i on appa ra tus . The yoke supporting the movable 
de tec tor pivots about a ve r t i ca l a x i s . It is dr iven by a r eve r s ib le motor 
and gear t r a in and is p r e c i s e l y indexed at p r e - s e t positions by means of 
a t apered pin and set of V-blocks clamped to the p ro t r ac to r p la te . The 
complete sequence of operat ions needed to locate the yoke at any p r e 
scr ibed posit ion is init iated by a single pulse on any one of the 21 address 
l i nes . Such an addres s pulse can be provided e i ther from a symbol on 
the punched tape in the p rog ramming unit or from one of a set of buttons 
on the control console of the sys t em. 

G a m m a - R a y Detection Sys tem. Scintillation technique s 

have been used for p r ec i s e m e a s u r e m e n t s of the g a m m a - r a y spec t ra of 

rad ionuc l ides , p a r t i c u l a r l y odd-odd nuclides such as W l s s . The p r inc i 

pal decay mode of the la t te r is a 342-keV beta t rans i t ion to the ground 

state of Re i s e ; but somewhat less than 0. 1% go to two excited s t a t e s . 
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Computer P rograms for Data Analysis. We have developed 

and tested several p rograms, (a) A program to analyze continuous com

plex be ta- ray spectra has been successfully applied and is being published. 

It is the first one that simultaneously fits the descriptive pa ramete r s to an 

experimental beta-ray spectrum. It has replaced the older "str ipping" 

method in the analysis of the spectra of Reiss , w i s s , TmlT2 ^ and Cu s i . 

(b) Several small programs have been developed to process the voluminous 

data from the automated angular-correlat ion sys tem, (c) We have written 

and tested several programs that determine the best fits to experimental 

data and thereby derive the correlation coefficients in gamma-gamma ex

periments , and that interpret such data to ascer ta in the mixing ratios of 

the t ransi t ions. 

1 - 6 . 3 . Measurement of Gyromagnetic Ratios by y-y Angular Correlat ion 
(Project 1-70) 

S. Raboy and C. C. Trail '' 

The angular-correlat ion apparatus is being tested and p r e 

parations are being made for measuring the gyromagnetic ratio of the 6-

nsec 81-keV first excited state of C s 133 . The source is 7. 2-yr Bal 33, 

This measurement will be the beginning of a ser ies of 

measurements on other isotopes. 

1 - 6 . 4 . Pat tern Recognition for Nuclear Events 

J. A. Gregory (AMD) and G. R. Ringo 

The mechanization of the identification of interesting events 

is a problem of increasing importance in nuclear and part icle physics. It 

is part icularly crit ical in the case of emulsions for which it is desirable 

to scan large volumes of mater ia l with microscopes showing volumes of 

10"8 cc or less in a view. A general-purpose computer has been program

med to simulate a three- layer random-connection network s imi lar in its 

general character to the Perceptron of F . Rosenblatt. This program is 
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designed to sepa ra t e pa t te rns p resen ted in the form of 80-bit words into 

wanted and unwanted c l a s s e s after a learning phase using 100 c a s e s of 

each. The approach differs from the or ig inal P e r c e p t r o n in that in the 

or ig inal the random connections a r e re inforced or weakened on the bas i s 

of the learning pe r fo rmance . In the vers ion h e r e , many complete ly dif

ferent se ts of connections a r e t r ied and the mos t useful (in the learning 

phase) kept . 

P r e l i m i n a r y resu l t s show significant but not yet useful 

d i sc r imina t ion in a r ea l i s t i c but difficult case approximate ly equivalent 

to dis t inguishing X's from Y's of random position, s i ze , or ientat ion, and 

opening angle . 

The next phase would involve the cons t ruc t ion of at l ea s t a 

40-bit tal ly counter for GEORGE or the CDC-3600 and the t r i a l of a r a d i 

cal ly l a r g e r field ot random connect ions . 

1 - 6 . 5 . Study of Mesic X Rays (Project 1-57) 

C . C . T r a i l and S. Raboy 

P r e c i s e m e a s u r e m e n t s of the energies of the K (j.-mesic 

X rays in N, O, F , Mg, Ca, Zn, Cu, Ti , and Ni were made at the f r e 

quency-modula ted cyclot ron of the Univers i ty of Chicago. These m e a s u r e 

ments yield information about the e lec t r i c charge d is t r ibut ion in the 

nucleus of the a tom. The scint i l la t ion spec t rome te r with the an t ico inc i 

dence annulus of Nal(Tl) lends itself nicely to such m e a s u r e m e n t s . 

In addit ion, the energy of the L |J .-mesic x r ays of Zn, Cu, 

Ni, and Ti w e r e m e a s u r e d and found to be higher than the theore t i ca l 

va lues . The isotope shift of the K line of Ca was de te rmined by m e a s u r -
a 

ing the energ ies of the K l ines of na tura l Ca and of Ca44 . 

It tu rns out that e a r l i e r m e a s u r e m e n t s by l abo ra to r i e s at 

Columbia Univers i ty and at CERN in Geneva a r e lower than our r e s u l t s . 

Both t he i r techniques and ours need c r i t i ca l examinat ion. 
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In addi t ion t o such e n e r g y d e t e r m i n a t i o n s , p l ans inc lude 

a s e a r c h for p - c a p t u r e y r a y s f r o m the nuc l eus and for q u a d r u p o l e 

sp l i t t ing in t he heavy nuclei^and s t u d i e s of i so tope shi f ts in Ca and U. 

F u r t h e r r e f i n e m e n t s in t he coun t ing s y s t e m a r e r e q u i r e d 

to p e r m i t ident i f ica t ion of p - m e s i c even t s in the p r e s e n c e of p ions and 

e l e c t r o n s . 

I - 6 . 6 . M o s s b a u e r M e a s u r e m e n t s • ( P r o j e c t 1-19) 

M i i s s b a u e r ' s d i s c o v e r y of t h e r e c o i l l e s s e m i s s i o n and 
a b s o r p t i o n of n u c l e a r g a m m a r a d i a t i o n has p r o v i d e d a power fu l m e a n s 
of i nves t iga t ing m a n y p h e n o m e n a in n u c l e a r and so l id s t a t e p h y s i c s . 
B e c a u s e of the g r e a t s e n s i t i v i t y of the effect ( A E / E « 10" 13), it i s p o s 
s ib le to r e s o l v e m a g n e t i c and e l e c t r i c hyper f ine s t r u c t u r e of n u c l e a r 
l e v e l s , to make a c c u r a t e m e a s u r e m e n t s of v e r y s m a l l l eve l shi f ts r e 
sul t ing f rom t h e r m a l mot ion of the a t o m s or f rom i n t e r a c t i o n of the 
n u c l e i with the a t o m i c e l e c t r o n s , and to d e t e r m i n e i n t e n s i t i e s of n u c l e a r 
a b s o r p t i o n s . The method has had i ts m o s t s t r i k i n g s u c c e s s e s in the 
ca se of the f i r s t exc i ted s t a t e of F e ^T at 14. 4 k e V . The i m p o r t a n c e of 
the effect in Fe^T ig due t o i ts g r e a t s t r e n g t h and s e n s i t i v i t y and to t he 
p rop i t ious c i r c u m s t a n c e tha t i r on and m a n y of i t s c o m p o u n d s and a l l oys 
a r e f e r r o m a g n e t i c . I so topes of t i n and gado l in ium a r e a l s o be ing s tud ied 
in d e t a i l . R e c e n t l y an in t ens ive s tudy of xenon and i t s v e r y i n t e r e s t i n g 
compounds has b e e n u n d e r t a k e n wi th t he M o s s b a u e r e f fec t . 

A . M o s s b a u e r Effect in an E x t e r n a l Magne t i c F i e l d 

J . H e b e r l e and S. S. Hanna 

A l i qu id -he l i um c r y o s t a t su i t ab l e for t e s t i n g m a g n e t s has 

been bu i l t . Two b e r y l l i u m windows have b e e n i n c o r p o r a t e d so tha t th is 

c r y o s t a t can be used for s t ud i e s of t he M o s s b a u e r ef fec t . 

Seven supe rconduc t ing co i l s have b e e n wound and t e s t e d . 

The l a s t one , M7, is c apab l e of p roduc ing 50 kG on a M o s s b a u e r a b s o r b e r 

with a d i a m e t e r of 0 .540 in. It i s to be noted t h a t c o m m e r c i a l m a g n e t s 

with c o m p a r a b l e p e r f o r m a n c e a r e c o n s i d e r a b l y l a r g e r and t h e r e f o r e would 

not fit into our c r y o s t a t . 
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F i g . 19. Lathe setup used in Mossbauer r e s e a r c h . The source of radiat ion is kept cold in the 
"cylindrical Dewar mounted at the left on the lathe c a r r i a g e . An i ron absorbe r is mounted in the 
cyl indr ica l oven in the cen te r . When the source moves at speeds between 0 and 7 m m / s e c , the 
nuc lear hyperfine spec t ra in the graph a r e r ecorded by means of the sc int i l la tor in the hor izonta l 
cyl inder at the r igh t . The graph shows that the magnet ic splitting in the Fe57 spec t rum de 
c r e a s e s as the sample is warmed from room t e m p e r a t u r e to the Curie t e m p e r a t u r e (768°C), in 
accordance with the change in the saturat ion magnet izat ion of i ron . 
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The cryostat and magnet M7 have been mounted on the 

older Monarch EE lathe. With this system the nuclear Zeeman effect 

have been observed in metallic S n U S . In zero tield, metallic tin ex

hibits a single line. In the 50-kG field of magnet M7, four wel l - resolved 

lines have been observed. The two Am = 0 lines do not show up because 

absorption in these lines would not conserve angular momentum. 

The superconducting magnet will be used to study the 

internal magnetic field in manganese-tin al loys. Other plans include 

building a larger magnet and a larger cryostat to hold it. If superconducting 

magnets capable of producing fields of 100 kG become available in the 

near future, these experiments can take advantage of them. 

B. Mossbauer Effect in Iron 

R. S. Pres ton and S. S. Hanna 

The series of Mossbauer measurements on metallic iron 

has extended over a wide temperature range. The resul ts have recently 

been published. Continuing measurements along these lines seek to 

determine the effective Debye temperature in iron more precise ly as 

a function of the actual temperature . Plans for further work include 

more precise measurements on the variation of the internal magnetic 

field with temperature just below the Curie point, and on the nature of 

the discontinuity in the temperature shift at the Curie point. A study of 

the isomer shift in certain alloys and in externally applied magnetic 

fields is also contemplated. 

C. Mossbauer Effect for Impurit ies 

J. P . Schiffer 

The Mossbauer effect has been studied tor Fe^T as an 

impurity in various metal la t t ices . Sources were prepared by diffusing 

Co^T into Be, Cu, W, and Pt . The tempera ture shift (the displacement 

of the absorption line as a function of temperature) and the recoilless 
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fract ion as a function of t e m p e r a t u r e have been m e a s u r e d . F r o m this 

the m e a n - s q u a r e d isplacement and m e a n - s q u a r e velocity of the Fe ^''' 

a toms in va r ious environments can be deduced. These r e su l t s have 

been compared with recent theore t i ca l ca lcu la t ions ; except for P t , good 

a g r e e m e n t was found. 

D. Mossbauer Studies of Solid-State P r o p e r t i e s 

G. J . Per low 

Quadrupole coupling in s a l t s . This is a continuation of 

work done while on leave at Harwe l l . The sign and magnitude of the 

quadrupole coupling in fe r rous sal ts leads to knowledge of the g round-s ta te 

wave function of the f e r rous ion in var ious ligand fields and to fur ther 

unders tanding of the nature of the chemica l bond. 

Relat ionship between the e lec t r ic field gradient and the 

dipole field at an i ron impur i ty in hexagonal cobalt . This is an effort to 

exper imenta l ly evaluate one of the t e r m s in the hyperfine in teract ion in 

f e r r o m a g n e t s , namely the t e r m due to the magnetic field contr ibuted d i r 

ectly by e l ec t ron spins adjacent to the nuclear s i t e . This contr ibut ion is 

re la ted to the d is t r ibut ion of neighboring charge and the re fore to the 

gradient of the e lec t r i c field. The dipole field and the gradient of the 

e lec t r ic t ie ld were m e a s u r e d sepa ra t e ly . Their ra t io was different from 

the predic ted va lue ; it is not yet ce r t a in why. 

Mossbaue r effect in xenon compounds. The Mossbauer 

effect has been seen in X e i 2 9 formed in the beta decay of 11^9 in Nal . 

Abso rbe r s of xenon c la th ra te (hydroquinone), sodium xenate , XeF,^ , and 

XeF have been used , all at the t e m p e r a t u r e of liquid he l ium. The r e 

su l t s a r e being analyzed to get some nuclear p a r a m e t e r s of xenon and to 

study the na ture of the bonding. Additional compounds will be t r i ed as 

this p rog ram cont inues . 
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E. Search for an Effect of Magnetic Fields on Electromagnetic 

Radiation 

S. S. Hanna, G. J. Perlow, J. P . Schiffer, and J. A. Weinman 

The effect of magnetic field on the frequency of e lec t ro

magnetic radiation was studied. It was found that for fields of the order 

of a few thousand oersteds over distances of a few centimeters, the f r e 

quency ot the radiation was shifted by less than about four parts in lOis , 
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I - 7. THEORETICAL NUCLEAR PHYSICS 

The theore t i ca l nuclear r e s e a r c h in the Phys ics Division 
c o m p r i s e s a continuing study of the s t ruc tu r e and react ions of light nuclei , 
an expanding invest igat ion of the collect ive model of nuc lear s t ruc tu re , and 
inc reas ing ly in te res t ing and useful p rob lems in the s ta t i s t i ca l p r o p e r t i e s of 
nuclei . An impor tan t theore t ica l development cu r ren t ly taking form is a 
major effort to obtain exact solutions to she l l -mode l p rob lems by using 
new techniques of machine calculat ion. The CDC-3600 computer , when it 
becomes avai lable , will grea t ly benefit this major p r o g r a m of ca lcula t ions . 

The theore t i ca l section continues to a t t r a c t a la rge number 
of t e m p o r a r y appoin tees ; the number of applicat ions exceeds the avai lable 
posi t ions by an o rde r of magni tude. An outstanding s e r i e s of s e m i n a r s 
provides for mutual ly beneficial exchanges of ideas between t empora ry and 
pe rmanen t m e m b e r s of the theore t ica l group, v i s i t o r s from other l abora 
to r i e s , and e x p e r i m e n t e r s . These fo rmal p r o g r a m s a r e supplemented by 
a var ie ty of informal contac t s . 

I - 7. 1. Strong Ml Trans i t ions in Light Nuclei (Pro jec t V-2) 

Die te r Kurath 

The na ture of s t rong Ml t rans i t ions , pa r t i cu l a r l y those 

observed by ine las t ic sca t t e r ing at backward angles , was invest igated. 

Calcula t ions of p a r t i c u l a r c a se s revea led a tendency to concent ra te the 

t rans i t ion s t rength in a few levels , in some r e s p e c t s s imi l a r to the famil iar 

giant E l r e sonance . The energy-weighted sum rule for such t rans i t ions 

was examined, and an approximat ion was developed which exhibited the 

quali tat ive behavior to be expected in 4N nuclei whose ground s ta tes have 

I = 0 = T. The r e su l t s were compared with exper iment . 

In o r d e r to c a r r y out m o r e detai led calcula t ions for this 

effect and for other p r o p e r t i e s , one needs good wave functions. These 

can be obtained e i ther by diagonalizing some she l l -mode l Hamil tonians , 

or by pro jec t ing s ta tes of definite angular momentum from many-pa r t i c l e 

Ni lsson functions. Both approaches will be t r i ed by use of computer 

codes being developed in another p ro jec t . 
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1 - 7 . 2 . S e n i o r i t y Mixing in 1 f.̂  Nuc le i ( P r o j e c t V-12) 

R. D. Lawson and B . Z e i d m a n 

The r e d u c e d wid ths for the n e u t r o n p ickup f rom 1 f.̂  .^ nuc l e i 

w e r e c a l c u l a t e d for wave funct ions of m i x e d s e n i o r i t y . The r e s u l t s a g r e e d 

s a t i s f a c t o r i l y with the e x p e r i m e n t a l v a l u e s . The c a l c u l a t e d v a l u e s for wave 

funct ions having p u r e s e n i o r i t y w e r e not in a g r e e m e n t wi th e x p e r i m e n t . No 

add i t iona l w o r k is p lanned a t th is t i m e . 

I - 7 . 3 . D y n a m i c s of N u c l e a r Co l l ec t ive Mot ion ( P r o j e c t V-3) 

D. R. Inglis 

H e a v y - p a r t i c l e s t r i p p i n g and the s t r u c t u r e of L i ^ . T h e r e 

is an i n t e r e s t i n g c o n t r a s t be tween the a n g u l a r d i s t r i b u t i o n of the a lpha group 

leading to the ground s t a t e and that l ead ing to the s econd exc i t ed s t a t e in 

the r e a c t i o n C i 2 ( L i 3 , a ) N i 4 . The p r o p o s e d exp lana t ion is that the g round-

s t a t e group has a peak only in the b a c k w a r d d i r e c t i o n b e c a u s e only the 

m e c h a n i s m of " h e a v y - p a r t i c l e s t r i p p i n g " can sa t i s fy the r e q u i r e m e n t s on 

the o r b i t a l angu la r m o m e n t u m for the g round s t a t e of N l * ( p r i m a r i l y a ^D 

s t a t e ) . The " d e u t e r o n " of the inc ident L i^ i n i t i a l l y has insuf f ic ien t a n g u l a r 

m o m e n t u m about the final c o r e but a c q u i r e s m o r e b e c a u s e the f o r c e 

a t t r a c t i n g it t oward the t a r g e t nuc l eus is not d i r e c t e d t o w a r d the c e n t e r of 

m a s s of the twelve nuc leons (eight f rom the t a r g e t C12 and four f r o m Li*) 

which fo rm the c o r e of the f inal N14 . The o t h e r four n u c l e o n s f rom the 

t a r g e t fo rm the p roduc t a lpha . The second exc i t ed s t a t e of N i * is 

a p p r o x i m a t e l y a 3S and t h e r e is no such a n g u l a r m o m e n t u m l i m i t a t i o n so 

both l igh t - and h e a v y - p a r t i c l e s t r i p p i n g o c c u r and give r i s e to both f o r w a r d 

and b a c k w a r d p e a k s . 

-Phase r e l a t i o n in n u c l e a r s c a t t e r i n g . The s t r i k i n g o b s e r 

va t ion that the m a x i m a of e l a s t i c s c a t t e r i n g of such p a r t i c l e s a s a l p h a s 

on f a i r ly heavy nuc le i co inc ide with the m i n i m a of i n e l a s t i c s c a t t e r i n g 

(with no p a r i t y change) m a y be exp la ined in an e l e m e n t a r y way . E l a s t i c 
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sca t t e r ing co r r e sponds to diffraction of a wave pass ing through a c i r cu l a r 

a p e r t u r e ; ine las t ic sca t te r ing , in which a pa r t i c l e is ac ted on by a shor t -

range force and loses energy in pass ing c lose to the edge of the nucleus , 

c o r r e s p o n d s to diffraction of a wave pass ing through a r ing. In other words , 
o 

the a l t e rna t ing in tens i t ies of e las t ic and inelast ic sca t t e r ing a r e 180 out of 

phase with each other p r i m a r i l y because the fo rmer a r i s e s from integrat ing 

over the a r e a of the nucleus while the la t te r a r i s e s from integrat ing over a 

ring around the edge. The contr ibution of a ring can be obtained from that 

of a c i r c u l a r opening by differentiat ion. 

This graphic type of t r ea tment is useful a l so in unders tanding 

s imple reac t ions whose angular d is t r ibut ions display a l te rna t ing maxima 

and min ima somewhat s imi l a r to those observed in sca t t e r ing . 

1 - 7 . 4 . Deformat ion Energy of a Charged Liquid Drop (Pro jec t V-1) 

S. Cohen and W. J. Swiatecki (Lawrence Radiation Labora tory) 

The un i fo rmly-charged liquid drop has been used as a model 

for the calcula t ion of many of the p r o p e r t i e s of nuclei . The applicat ion of 

this model to the p r o c e s s of nuc lear f ission led to some unders tanding of 

qualitative fea tures of the p r o c e s s but quantitative calcula t ions had not 

been c a r r i e d out for p a r a m e t e r s cor responding to those of r e a l nuclei . In 

the p r e s e n t study, numer i ca l techniques with an IBM-7090 computer gave 

resu l t s bear ing d i rec t ly on the exper imenta l ly observed f ission of nuclei . 

The model is a liquid drop with an e l ec t r i c charge d i s 

t r ibuted uniformly throughout its volume. A given drop is c h a r a c t e r i z e d 

by a f iss ionabi l i ty p a r a m e t e r x which is r e l a t ed to the rat io of the e l e c t r o 

s ta t ic energy to the surface energy due to the surface tension of the 

nuc lea r fluid. Nuclei which f ission have 0 . 6 ^ x ^ 0 . 8 . 

The shape of the drop at the instant of sc i s s ion was 

approx imated r a t h e r c rude ly . Then in the configuration space descr ib ing 

the shapes of d rops , poss ib le paths leading from the sphe r i ca l shape to 
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the unknown s c i s s i o n shape w e r e c o n s i d e r e d and the p o t e n t i a l e n e r g y 

a long each pa th was c a l c u l a t e d . The shape sought was the one which 

gave the m i n i m u m t h r e s h o l d e n e r g y for f i s s i o n . 

F o r x < 0 .67 , the s h a p e s a t the t h r e s h o l d e n e r g y a r e d u m b 

b e l l - l i k e ; for x > 0 . 6 7 , they a r e c y l i n d e r - l i k e . F o r x > 0 . 3 9 , it i s a 

t r u e t h r e s h o l d for f i s s ion , but for v a l u e s l e s s than 0. 39 the s h a p e is un 

s tab le with r e s p e c t to a s y m m e t r i c d i s t o r t i o n s and t h e r e f o r e no t r u e 

t h r e s h o l d e x i s t s . The p a r t i c u l a r va lues c i t e d app ly only to the a p p r o x i m a t e 

m o d e l a s s u m e d , but the g e n e r a l b e h a v i o r should a p p r o x i m a t e that of a c t u a l 

n u c l e i . 

I - 7. 5. R e s o n a n c e T h e o r y of N u c l e a r R e a c t i o n s Without B o u n d a r y 

Condi t ions ( P r o j e c t V-11) 

A. M. S a p e r s t e i n 

N u c l e a r r e a c t i o n s w e r e d i s c u s s e d by u s e of a d i s p e r s i o n -

t h e o r y type of f o r m a l i s m , and r e s o n a n c e s w e r e def ined by the po l e s of an 

ana ly t i c cont inua t ion of the i m a g i n a r y p a r t of the r e a c t i o n a m p l i t u d e . The 

r e s u l t was an o r d i n a r y r e s o n a n c e of the B r e i t - W i g n e r type , but it w a s 

obta ined without the need for an " i n t e r n a l " S c h r o d i n g e r equa t ion wi th 

a r t i f i c i a l bounda ry condi t ions a t a " n u c l e a r r a d i u s . " 

I - 7 . 6 . S t a t i s t i c a l P r o p e r t i e s of N u c l e a r E n e r g y S t a t e s ( P r o j e c t V-15) 

N. R o s e n z w e i g 

The p a s t y e a r has s e e n i m p o r t a n t c o n s o l i d a t i o n s in the 

t h e o r y of f luc tua t ions for the e n e r g y s t a t e s of c o m p l e x s y s t e m s . (Th i s 

theory , which has been the sub jec t of th i s p r o j e c t for s e v e r a l y e a r s , has 

been v e r y succes s fu l in expla in ing such s t a t i s t i c a l p h e n o m e n a a s the d i s 

t r ibu t ion of spac ings and the dependence of th is d i s t r i b u t i o n on the 

s y m m e t r y p r o p e r t i e s of the s y s t e m such a s i n v a r i a n c e of the H a m i l t o n i a n 

under t ime r e v e r s a l , ro ta t ion , and i n v e r s i o n of the c o o r d i n a t e s y s t e m . 
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This is a l so the theory that leads to a der ivat ion of the dis t r ibut ion of 

misce l l aneous "widths" and magnet ic m o m e n t s . ) A pr inciple of uniformity 

was in t roduced (following the recent pape r s by Dyson) in the space of 

Hermi t i an m a t r i c e s and implemented with a "mic ro -canon ica l ensemble" 

[ spu r H ' H - R^] 

which gives equal weight to a l l possible forms of the res idua l in terac t ion of 

a fixed "s t reng th . " This ensemble leads to sa t i s fac tory ag reemen t with 

exper iment for the s ta t i s t i ca l phenomena mentioned above; and a graduate 

student, Harvey Leff, has worked out fur ther consequences(including a 

calculat ion of the co r r e l a t i on coefficients between neighboring spacing^. 

The following r e m a r k s a r e intended to desc r ibe the l ines 

along which the s t a t i s t i ca l model might develop in the nea r future. The 

Hamil tonian of the sys tem may be wr i t ten as 

3C = HQ + V , 

in which H„ r e p r e s e n t s the z e r o - o r d e r pa r t ( she l l -mode l or op t ica l -model 

potential) which is l a rge ly respons ib le for the ave rage behavior of the 

s ta tes ( level densi ty, g r o s s s t r u c t u r e of c r o s s sect ions , e t c . ) , whereas 

V de t e rmines the laws of fluctuation (fine s t r u c t u r e ) . In the past , the 

quantitative in te rp lay between these two p a r t s which mus t be important 

in appropr ia t e regions of excitat ion has been la rge ly ignored from the 

theore t i ca l point of view. It is p roposed that these m a t t e r s should be 

looked at with the help of the Brownian-mot ion model of res idua l i n t e r 

act ions which was in t roduced las t year by F . J . Dyson and was developed 

somewhat fur ther by this w r i t e r . 
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I - 7. 7. Nuclear-Structure Calculations 

F . Coester, S. Cohen, R. D. Lawson, M. H. Macfarlane, and M. 

Soga 

Computer study of the nuclear shell model. This investiga

tion of the shell model, its foundations in many-body theory, its predictions 

concerning the properties of specific nuclei, and the nature of its single-

particle potential and residual two-body forces falls naturally into two pa r t s . 

On the one hand, there is an extensive program of conventional shell-model 

calculations whose chief aim is to examine the nature of the shell-model 

effective interaction. This is done by suitable parameter izat ion of the 

effective force, after which the parameters are determined (in principle) 

by comparison with experiment. It should be s t ressed that the main emphasis 

here is not on the production of ever more precise fits to selectively limited 

patches of experimental data but rather on the nature of the effective inter

action itself. What properties of the interaction are most important in 

producing agreement with experiment? To what extent are conclusions con

cerning these most essential aspects of the effective force influenced by 

more highly excited configurations excluded from the lowest order calcu

lations ? In considering these and other such questions, due attention 

must be paid not only to the idiosyncrasies of par t icular nuclei but also to 

systematic occurrences of the sort that are associated with collective 

properties of nuclear states. Accordingly it is useful to examine approxi

mate procedures which accentuate the various kinds of systematic be

havior. From a more fundamental viewpoint, the single-part icle field 

and effective interaction must be related to the interaction between free 

nucleons in a self-consistent fashion.' Such calculations a re now in p rogress . 

The arithmetic involved in the study just outlined far out

strips human capabilities; the entire calculation is being automated and 

will be carried out on the IBM-7090 at the University of Chicago and, when 

it becomes available, on the CDC-3600 at ANL. 



65 

P r o g r a m s for she l l -model ca lcula t ions . During the pas t 

yea r and a half, about thir ty computer p r o g r a m s have been developed for 

pe r fo rming va r ious p a r t s of she l l -model ca lcula t ions . Most of these 

p r o g r a m s a r e opera t ional on both the IBM-704 and the IBM-7090; al l can 

and will be used on the CDC-3600 when it a r r i v e s . 

Although each p rog ram of the existing set is complete in 

itself, avai lable p r o g r a m s should be r ega rded as ea r ly ve r s ions of m e m 

b e r s of a group which will be developed and used (concurrent ly) during 

the next s eve ra l y e a r s . The pas t yea r has been devoted mainly to develop

ment of p r o g r a m s ; in addition to a complete chain of p r o g r a m s for a r e 

s t r i c t ed c l a s s of she l l -mode l calculat ions (orbi ts of the same par i ty) , a 

moni tor sys tem has been developed whose function is to m a r s h a l and com

bine sequences of individual p r o g r a m s . This feature immense ly i n c r e a s e s 

the power and flexibili ty of the sys t em. Many of the p r o g r a m s per form 

functions that a r e an e s sen t i a l pa r t of any many-body calculat ion on a 

s ing le -pa r t i c l e b a s i s ; the moni tor sys tem allows such basic p r o g r a m s to 

be embedded immedia te ly in each new f ramework as need a r i s e s . Energy 

spec t r a and t rans i t ion r a t e s have a l r eady been calcula ted in the ea r ly ds 

shell (mass number 18 to 20). In addition, the range and degree of validity 

of the quas i -pa r t i c l e r andom-phase approximat ion in nuclei is under study. 

The approximate as wel l as the "exact" calculat ion is completely automated; 

this sma l l phase of the study should be comple ted during the s u m m e r . 

Calculat ions on the m o r e fundamental problem of re la t ing 

the shel l model to the forces between f ree nucleons a r e a lso in p r o g r e s s . 

Genera l theore t i ca l a rgumen t s make it plain that good approximat ions to 

g round-s ta te wave functions of c lo sed - she l l nuclei can be found by d e t e r 

mining s ing le -pa r t i c l e functions and two-body co r r e l a t i ons in a mutual ly 

se l f -cons i s ten t fashion. The f i r s t step, cu r r en t ly in p r o g r e s s , will tes t 

the approximat ion scheme with a re la t ive ly crude nucleon-nucleon 

potent ia l . Rea l i s t i c computat ions for doubly-magic nuclei will be the 
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next stage. The significant results will be in two a r e a s . (1) It should be 

possible to compute binding energies of nuclei in such a manner that disa

greement with experiment can be blamed quite definitely on the assumed 

force. (2) Shell-model calculations can be based self-consistently on a 

realist ic nucleon-nucleon force. 

Many of the programs developed as part of the general 

shell-model scheme are of immediate value to other use rs of the CDC-3600. 
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II. THEORETICAL HIGH-ENERGY PHYSICS 

The theore t ica l group cons is t s of pe rmanen t staff m e m b e r s , 
t e m p o r a r y v i s i t o r s , and consul tants . The consul tants , who a r e drawn 
from among the leading h igh-energy theore t ica l phys ic i s t s at the Midwestern 
un ive r s i t i e s , par t i c ipa te in al l the act ivi t ies of the Argonne group. Many 
of them could p rope r ly be r ega rded as p a r t - t i m e m e m b e r s of our group. 
The i r p r e s e n c e will be especia l ly valuable to Argonne during the next few 
y e a r s , before the Argonne group reaches its full s t rength . The Midwestern 
un ive r s i t i e s benefit equally by this contact with the Argonne phys i c i s t s . 

Both formal and informal s emina r s a r e held r egu la r ly by 
the theore t i ca l group, some for the purpose of in te rpre t ing recent theore t i 
cal ideas to the expe r imen ta l i s t s , some p r i m a r i l y of i n t e re s t to t heo r i s t s . 
Day- to -day contact with a s t rong group of theore t ic ians has obvious value 
for the exper imenta l p r o g r a m . 

II - 1. Analys is of Pion-Nucleon Scat ter ing 

A. W. Mar t in and J. L. Uretsky 

P a r t i a l - w a v e sca t te r ing ampli tudes for pion-nucleon s c a t t e r 

ing a r e obtained by solving in tegra l equat ions. The in tegra l equations a r e 

solved numer ica l ly on the IBM-704 computer . This allows great flexibility 

in the choice of the bas ic in terac t ions that a r e a s sumed to govern the 

sca t t e r ing p r o c e s s . 

The r e su l t s of this ana lys is will be of in t e re s t in a number 

of b ranches of h igh-energy phys i c s : s eve ra l implicat ions of the Regge 

approach to h igh-energy behavior will be testfed, a model for pion-pion 

in te rac t ions will be examined, and the posi t ions of resonances in pion-

nucleon sca t t e r ing will be de te rmined on the bas i s of s e v e r a l m o d e l s . 

n - 2. Dynamical Aspec t s of Unitary Symmet ry in Strong Interact ions 

A. W. Mar t in and K. C. Wall 

It has been suggested recent ly that along with the eight 

s table ba ryons , low-lying meson-ba ryon resonances should be identified 
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as belonging to irreducible representations of SU3. Our work has been 

mainly concerned with comparing the predictions based on str ict SU3 

symmetry with the results obtained from more real is t ic calculations. So 

far we have completed the analysis of J = f .ampli tudes. The dynamical 

model used is based on the fact that one single-nucleon-exchange contribu

tion successfully explains the important features of pion-nucleon scattering 

in the J = -"*" state. This assumption is generalized to include all coupled 

two-particle states with a given isotopic spin and s t rangeness . A coupled-

channel matrix formulation of the N/D method was used to determine the 

resonance conditions. We were able to obtain a set of Yukawa-type 

meson-baryon coupling constants by requiring that there exist the N (T = 3/2), 

the Y "(T = 1), the recently discovered V ( T = -j ), and yet- to-be-discovered 

Z" (T = 0) as a 10-fold representation of SUg. 

These considerations are being extended to other angular-

momentum states. The computer facilities at Argonne will continue to be 

required for the necessary numerical integrations. 

II - 3. Meson-Nucleon Interaction (Project V-45) 

K. Tanaka, K. Hiida, L. S. Liu, and M. Soga 

A hypothesis of generalized isospin independence is proposed 

to explain relations between total cross sections at high energies . In this 

hypothesis, the contribution of common channels to various two-particle 

states (whose total cross sections are considered) is assumed to be equal 

at sufficiently high energy. At high energies, the c ross sections a re ex

pected to become insensitive to the intrinsic propert ies of the part icles so 

long as the conservation laws are respected. Then it is meaningful to 

discuss the inequalities between total cross sections in te rms of the avail

able noncommon channr-ls that are possible under the conservation laws. 

Various differences of total cross sections were written down on this 

basis . The present approach has been compared with another possible 

interpretation based on Regge poles. 



69 

The behavior of Regge poles (which a r e genera l ized bound 

s ta tes and r e sonances in the complex angu la r -momentum plane) were ob

tained as a function of the square of the momentum t rans fe r by use of 

field theory on the bas i s of the ladder approximation in the c r o s s e d channel . 

This is of i n t e r e s t because many f ie ld- theore t ic a t tempts have been made to 

c o r r e l a t e h igh-energy exper imenta l data in t e r m s of the known behavior 

of Regge poles in potent ial theory. 

In the coming year , a t tempts will be made to obtain var ious 

consequences and p r o p e r t i e s of Regge poles and a lso of uni tary symmet ry 

SU(3) as an aid in unders tanding the physics of e lementa ry p a r t i c l e s . 

n - 4. Charge S t ruc ture of the Nucleon (Pro jec t V-47) 

K. Hiida 

It is p roposed that, except for the co re region, the e l e c t r o 

magnet ic s t r uc tu r e of the nucleon is de te rmined by two- and th ree-p ion in

t e rmed ia t e s ta tes which contr ibute to isovector and i sosca l a r p a r t s , 

r e spec t ive ly . It was shown that the total charge contr ibuted from t h r e e -

pion in t e rmed ia te s ta tes is z e r o . Therefore there is an i sosca l a r charge 

•j-e in the co re region of the nucleon and the three-p ion in termedia te s ta tes 

play the role of polar iz ing the vacuum. In other words , it appear s that 

the posi t ive charge je in the co re region a t t r ac t s the negative charge -6e 

toward the cen te r of the nucleon and repels the posi t ive charge 6e toward 

the outer region. 

The role of the th ree -p ion resonance a is to enhance the 

vacuum pola r iza t ion ve ry s t rongly . This fact of vacuum polar izat ion, with 

the aid of exper imenta l information and theorems obtained by meson theory, 

suffsests that F (the charge form factor of the neutron) is negative at 
56 In 

low t r a n s f e r r e d momentum, and that the charge dis t r ibut ion of the proton 

is such that the ba r e proton is sur rounded not only by a posi t ively charged 

layer but a l so by a negatively charged layer because of the s trong vacuum 

pola r iza t ion due to the th ree -p ion resonance u. 



70 

II - 5. I n t e r a c t i o n of E l e m e n t a r y P a r t i c l e s 

K. Hiida 

As ind ica ted by the fact that the muon is s o m e t i m e s c a l l e d 

a m a s s i v e e l e c t r o n , the e l e c t r o n and the muon have v e r y s i m i l a r n a t u r e s 

in t he i r i n t e r a c t i o n s . The idea of this w o r k is to a s s u m e that p a r t i c l e s wi th 

s i m i l a r n a t u r e s should belong to the s a m e group of e l e m e n t a r y p a r t i c l e s ; 

tha t i s , t h e r e is only one p a r t i c l e - n u m b e r c o n s e r v a t i o n law a m o n g t h e m . 

F o r lep tonic weak i n t e r a c t i o n s , the u s u a l a s s u m p t i o n s a r e 

(i) the e x i s t e n c e of two n e u t r i n o s , (ii) no n e u t r i n o fl ip, and (il l) no n e u t r a l 

c u r r e n t . Since t he se cannot a l l be t rue if the c o n s e r v a t i o n law is to hold, 

a t h i r d neu t r i no was i n t r o d u c e d a s the s i m p l e s t mod i f i ca t i on of ( i ) . Th i s 

neu t r i no is the one f rom K-[j, decay . Under the t h r e e - n e u t r i n o h y p o t h e s i s , 

the d i s c r e p a n c y be tween the ra t io G /G|j. and uni ty ( w h e r e G is the v e c t o r 

coupling cons tan t for beta decay and G^ is the (x-decay coupl ing cons t an t ) 

was expla ined in a m a n n e r c o n s i s t e n t with the s m a l l b r a n c h i n g r a t i o in the 

lep tonic decay of h y p e r o n s . It was shown that the h y p o t h e s i s is r e l a t i v e l y 

e a s y to p r o v e or d i sp rove by e x p e r i m e n t s on h i g h - e n e r g y n e u t r i n o r e 

ac t i ons if about 50% or m o r e of the n e u t r i n o s a r e ob ta ined f rom K-ji d e c a y . 

On the a s s u m p t i o n that the S h y p e r o n is a weak ly bound 

s t a t e of the p i o n - l a m b d a s y s t e m , a c l a s s of e x p e r i m e n t s was p r o p o s e d 

to d e t e r m i n e the r e l a t i v e p a r i t y of S and A h y p e r o n s and the m a g n i t u d e 

of the SATT coupl ing cons tan t . The a s s u m p t i o n of the w e a k l y bound 

s ta te a l so can be checked by the e x p e r i m e n t s . 

II - 6. L o w - E n e r g y TT-TT S c a t t e r i n g C a l c u l a t e d by Use of P e r t u r b a t i o n 
Tu J TT . L ( P r o j e c t V-49) 
T h e o r y and Uni ta r i ty \ j ' / 
A. M. S a p e r s t e i n and J . L. U r e t s k y 

The w o r k of K. Smi th and J . L. U r e t s k y is be ing e x t e n d e d 

to th i rd o r d e r . The c o m p l e t e d s e c o n d - o r d e r c a l c u l a t i o n s give p r a c t i c a l l y 

the s a m e r e s u l t s as those obta ined via " b o o t s t r a p m e t h o d s " by Chew, 
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Mandels tam, and Noyes for the S- and P-wave sca t t e r ing lengths. Nei ther 

of these two methods is expected to be valid at energ ies comparable to the 

observed P -wave resonance and nei ther gives any indication of such a 

r e sonance . It is hoped that the extension to t h i r d - o r d e r per tu rba t ion 

theory will be valid at higher energ ies and will give some insight into the 

p pa r t i c l e (P-wave resonance) . 

II - 7. P a r t i c l e s with Ze ro Mass and P a r t i c l e s with "Small" Mass 
(Pro jec t V-38) 

F . Coes te r 

The i r reduc ib le represen ta t ions of the inhomogeneous 

Lorentz group which desc r ibe respect ive ly pa r t i c l e s with and without m a s s 

a r e quali tat ively different. Never the less , the z e r o - m a s s represen ta t ions 

can be obtained from the represen ta t ion with m a s s by letting the m a s s go 

to z e r o . P a r t i c l e s of sufficiently smal l m a s s or sufficiently high energy 

behave like pa r t i c l e s of ze ro m a s s . 

II - 8. T ime R e v e r s a l and Superse lect ion (Project V-42) 

H. Eks te in 

It has been known for some time that one of the bas ic a s s u m p 

tions of conventional quantum mechan ics , the superposi t ion pr inciple , 

cannot be genera l ly t r ue . In the Hilber t space of physical s ta tes , there 

mus t be vec to r s that do not co r re spond to s t a t e s . The conjecture that 

coherent superpos i t ions between s ta tes of different charge or baryon 

number a r e among these vec tors without physical counterpar t is consis tent 

with obse rva t ions . A plausible physical r equ i remen t on the nature of the 

t i m e - r e v e r s a l o p e r a t o r s led to a geomet r ica l theory of charge and its 

superse lec t ion , as r epor t ed a year ago. This physical pr inciple has now 

been re formula ted in t e r m s of expectat ion values of ope ra to r s with 

r e s p e c t to p rope r s ta tes and the specific assumpt ions made e a r l i e r a r e 

rep laced by the single postulate that the a lgebra of observab les is c losed. 



72 

II - 9. Foundations of Quantum Mechanics (Project V-44) 

H. Ekstein 

The basic postulate of quantum mechanics is the super

position principle. It has been felt by many, including the author, that a 

more directly verifiable, operational postulate would be more satisfactory. 

The suggested new approach is to concentrate on pure states (as contrasted 

with statistical mixtures) instead of trying to formulate axioms with 

respect to general ensembles. With a reasonably small number of postulates, 

it seems possible to build a scheme that is mathematically equivalent to 

quantum mechanics. 

A study of the commutativity of superselecting operators 

leads to the conclusion that, according to the convention adopted, the 

"physical Hilbert space" is not a linear space; it is the union (not the direct 

sum) of linear subspaces. Further work along these lines is planned. 

II - 10. Spin and Statistics with an Indefinite Metric (Project V-39) 

R. Spitzer 

A theory of spin-^ bosons and spin-0 fermions was formu

lated with an indefinite metric for physical s tates. The requirement that 

squares of S-matrix elements be interpretable as probabilities in the usual 

sense was formulated in terms of a symmetry principle as a consequence 

of which states with positive norms become separated from those with 

negative norms by a superselection law. The symmetry transformation, 

called metric conjugation, is induced by the metr ic operator and is non

local. An example of an interaction invariant under metr ic conjugation 

was shown to lead to a unitary S matr ix and to a theory that admits a 

causal interpretation in the sense of Stueckelberg. Some consequences of 

the assumption that the muon is a s p i n - | boson were derived. The theory 

then provides a physical basis for the absence of the decays [x — e -H y. 
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ji -• 3e in the sense that the conservat ion law that leads to these se lect ion 

ru les is the one r equ i red for the theory to admit a physical in te rpre ta t ion . 

The same conserva t ion law forbids muon pa i r production, 

II - 11. Geomet r i c P r o p e r t i e s of Angular Dis t r ibut ions of Decay Produc t s 
(Pro jec t V-5) 

M u r r a y Peshkin 

When an unstable par t ic le is c rea ted in a reac t ion involving 

few quantum s ta tes , the angular dis t r ibut ion of its decay products depends 

upon the number of s ta tes involved in the production p r o c e s s . It was 

learned , for ins tance , that when the spin s of the unstable par t i c le is l a r g e r 

than the number of s ta tes in the production p r o c e s s , the decay cannot be 

i so t rop ic . 

These methods were extended to the pa r i ty -mix ing decay 

w" -. A° + IT" following the production react ion K + p — E + K . If the 

angular dis t r ibut ion of TT' in the f i r s t of these decays is wr i t ten in the 

form 1(6 <t>) = 7 a(L, M) Y (0,4)), then it is found that the a s y m m e t r y 
^ L , M ^ ^ 

coefficients a(L, M) mus t obey ce r t a in re la t ions which depend upon the 

spin s of the 2 " . These new rela t ions a r e considerably more r e s t r i c t i ve 

than the re la t ions of Lee and Yang, which a r e conventionally used to tes t 

the "' spin. The mos t important new resu l t is that the angular dis t r ibut ion 
I(e,4>) = 1 -t A c o s e with | A | > 0 implies unambiguously that s = j . The 
mos t p romis ing previous analys is could exclude a given value of s only 

if | A | > l / ( 6 s ) . 

II . 12. The Supe rcu r r en t State (Pro jec t V-33) 

M u r r a y Peshk in 

The method of Byers and Yang was extended for application 

to the c u r r e n t - c a r r y i n g BCS state by inclusion of the magnet ic in teract ion 

between e lec t rons in the z e r o - o r d e r Hamiltonian. In the case of a thin 

superconduct ing ring, the problem was reduced to the z e r o - c u r r e n t 



74 

p r o b l e m by s e p a r a t i n g out the c o l l e c t i v e m o t i o n . In the g e n e r a l c a s e , this 

p r o c e s s was not c a r r i e d out c o m p l e t e l y , but the s y m m e t r y of the BCS s t a t e 

p r o v i d e d enough i n fo rma t ion to obta in the d e s i r e d r e s u l t s . When the fluxoid 

is equal to an i n t e g r a l m u l t i p l e of (TT fic/e), the s i n g l e - p a r t i c l e s t a t e s o c c u r 

in p a i r s which go into each o the r u n d e r r e f l e c t i o n about the a v e r a g e 

e l e c t r o n ve loc i ty a t e a c h po in t . A qua l i t a t i ve a r g u m e n t w a s g iven to show 

why th is s y m m e t r y is n e c e s s a r y for the BCS r e d u c e d i n t e r a c t i o n to have 

i t s full e f f e c t i v e n e s s . The c r u x of the m a t t e r i s that in the a b s e n c e of 

such s y m m e t r y , the F e r m i s u r f a c e is i r r e g u l a r and a s u b s t a n t i a l f r a c t i o n 

of the i m p o r t a n t s t a t e s n e a r tha t s u r f a c e a r e unab le to p a r t i c i p a t e in a 

c o h e r e n t BCS wave function. The M e i s s n e r effect is not n e c e s s a r y in 

obtaining the e n e r g y gap . 

II - 13. Studies in E l e c t r o n T h e o r y ( P r o j e c t V-26) 

Melv in Hack 

Work du r ing the p a s t y e a r c e n t e r e d on p r o b l e m s of e l e c t r o n 

theo ry ( L o r e n t z - D i r a c theo ry and i t s m o d i f i c a t i o n s ) . 

One of the m o s t s t r i k i n g a s p e c t s of the L o r e n t z - D i r a c 

t heo ry is i ts phenomenon of p r e a c c e l e r a t i o n : the " p r e c o g n i t i v e " r e s p o n s e 

of the e l e c t r o n to an app l i ed fo rce before onse t of the f o r c e , in a p p a r e n t 

viola t ion of c u s t o m a r y ideas of m i c r o s c o p i c c a u s a l i t y . It i s of i n t e r e s t 

that the p r e a c c e l e r a t i o n effect is a d i r e c t c o n s e q u e n c e of Van K a m p e n ' s 

solut ion for a c l a s s i c a l ana logue of the quantum e m i s s i o n f ie ld of a 

h a r m o n i c o s c i l l a t o r in the dipole a p p r o x i m a t i o n . The r e s u l t i s ob ta ined 

from a c o n s i d e r a t i o n of the c o n t r i b u t i o n s of the a n o m a l o u s ( runaway) 

" o s c i l l a t o r " and the a n o m a l o u s ( a c a u s a l ) p o l e s . Adopt ing the D i r a c 

p r e s c r i p t i o n , which a m o u n t s to de le t ing the c o n t r i b u t i o n f rom the a n o m a l o u s 

" o s c i l l a t o r " to avoid i ts runaway r ad i a t i on , one is left wi th the c o n t r i b u 

t ions f rom the o r d i n a r y and a n o m a l o u s p o l e s . The a n o m a l o u s - p o l e t e r m 

leads to the a c a u s a l f ield c o r r e s p o n d i n g to the p r e a c c e l e r a t i o n of the 

e l e c t r o n . 
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In t e re s t in this subject has been increas ing, in spite of the 

fact that the p rob l ems involved data back to the ea r ly work of Lorentz and 

o the r s , over half a century ago. 

These p rob lems have been passed on to modern field 

theory . A study of the heredi ty may lead to insights about the offspring. 
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III. EXTRANUCLEAR PROPERTIES OF MATTER 

The l a rges t p rogram in Ex t r anuc lea r P r o p e r t i e s of 
Mat te r is the m a s s s p e c t r o m e t r i c s tud ies . In addition, a modest 
effort in p la sma physics concerns itself mainly with the p rope r t i e s 
of rf p l a smas and the containment of p lasmas in rf cavity f ie lds . 

During the past year , the invest igat ion of scint i l lat ion 
phenomena was discontinued and the personne l were t r a n s f e r r e d to 
other d iv i s ions . The work on x - r a y c rys ta l lography was a lso d iscon
tinued in the Phys ics Division. 

Ill - 1. MASS SPECTROIVIETRIC INVESTIGATIONS 

The m a s s - s p e c t r o m e t r i c investigations involve seven 
i n s t r u m e n t s , each designed for a specified task ; and another (MA-24) 
is near ing complet ion. They include MA-15B, used p r i m a r i l y for the 
study of the molecu la r composit ion of h igh - t empera tu re vapors and the 
kinet ics of gas -phase r eac t ions ; two spec t rome te r s designed for i s o 
topic ana lys i s applied to geochronometry (MA-16B employing surface 
ionization of solid s a m p l e s , and MA-18 using e l ec t ron-bombardment 
ionization for gaseous samples ) ; MA-17, which incorpora tes an energy 
ana lyze r and is used for determining the kinetic energy of f ragment ions; 
MA-23 , having a h igh-speed pumping sys tem n e c e s s a r y for the study 
of h igher p r e s s u r e phenomena, such as consecutive ion-molecule r e a c 
tions and ionic f ragments produced by nuclear decay; and a portable 
m a s s s p e c t r o m e t e r (MA-27) which can be used in conjunction with p a r 
t icle a c c e l e r a t o r s for the study of ionization in gases and sput ter ing of 
solids by h igh-energy p a r t i c l e s . In addition, an Atlas Werke m a s s 
s p e c t r o m e t e r has been adapted so that in teract ions between ions or 
a toms and a meta l surface can be studied by pulsed-beam techniques , 
and is a l so used for studying the diffusion of sal ts through m e t a l s . 

In addition to the bas ic information that these studies 
provide about the fundamental atomic and molecu la r p roper t i e s of 
m a t t e r ( i . e . , mo lecu la r s t r u c t u r e , and the thermodynamics and kinet ics 
of r eac t ions ) , the resu l t s of these invest igat ions can be d i rec t ly applied 
to the solution of p rob lems involving rocket propuls ion, nuclear r eac to r 
technology, radia t ion c h e m i s t r y , radiat ion damage to space veh ic les , 
and r e - e n t r y behav io r . 
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III - 1 . 1 . G a s e o u s Spec ies in E q u i l i b r i u m at High T e m p e r a t u r e s 
( P r o j e c t 11-29) 

J . B e r k o w i t z , W. A. Chupka , and J . R. M a r q u a r t 

Hea t of f o r m a t i o n of the CN r a d i c a l ( J . B e r k o w i t z ) . By 

m a s s s p e c t r o m e t r i c a n a l y s i s of the g a s e o u s p r o d u c t s f rom the r e a c t i o n 

of n i t rogen wi th g raph i t e at c a . 2000 — 2 5 0 0 K, it was p o s s i b l e to d e 

duce a d i s s o c i a t i o n e n e r g y for the f ree r a d i c a l CN. This he lped to 

r e s o l v e a long-s tand ing confl ict r e g a r d i n g th i s v a l u e , t o w a r d which a 

v a r i e t y of e x p e r i m e n t a l t echn iques had b e e n d i r e c t e d for at l e a s t t h r e e 

d e c a d e s . 

M a s s s p e c t r o m e t r i c s tudy of m a g n e s i u m h a l i d e s (J . 

B e r k o w i t z and J . R. M a r q u a r t ) . Thorough m a s s s p e c t r o m e t r i c a n a l y s i s 

ol a lka l ine e a r t h ha l ides showed that the d e g r e e of d i m e r i z a t i o n in m a g 

nes ium hal ide v a p o r s is not g r e a t l y d i f ferent f rom tha t in b e r y l l i u m hal ide 

v a p o r s , c o n t r a r y to c o n j e c t u r e s of a n o t h e r w o r k e r . The e x p e r i m e n t a l 

e n e r g i e s of fo rma t ion w e r e in fa i r a g r e e m e n t wi th a t h e o r e t i c a l m o d e l 

b a s e d on p o l a r i z a b l e i o n s . 

Equ i l i b r ium compos i t i on of sulfur v a p o r ( J . B e r k o w i t z 

and J . R. M a r q u a r t ) . By ana lyz ing a v a r i e t y of m e t a l l i c su l f ides having 

va ry ing d i s soc i a t i on p r e s s u r e s of su l fur , it was p o s s i b l e to ident ify the 

Itfp 

F i g . 20. Con t r ibu t ions of the v a r i o u s m o l e c u l a r s p e c i e s of su l fur to 
the compos i t ion of the s a t u r a t e d e q u i l i b r i u m v a p o r f rom r o o m t e m 
p e r a t u r e to the boil ing point of su l fu r . 
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molecu la r species S, S^ , S3 , S^ , S^ , Sg , S.^, and S^ in sulfur vapor 

under different equil ibr ium condit ions. The analys is of the data permi t ted 

the de te rmina t ion of equil ibrium constants relat ing these var ious spec ies , 

as well as the i r energ ies of t ransformat ion into one another . In the vapor 

above pure sulfur, the species S and S^ were a lso identified. The r e 

su l t s w e r e compared with a g rea t mass of e a r l i e r exper imenta l a t t empt s , 

dating back more than 50 y e a r s . 

Dissocia t ion energ ies of some meta l sulfides (J . R. 

M a r q u a r t and J . Berkowitz) . In the course of the above exper iments on 

sulfur, some meta l sulfide molecules were identified and low l imits were 

set for o t h e r s . A s ta t i s t i ca l thermodynamic approach yielded useful 

values of Do for CaS and SrS, and l imits for FeS, HgS, CdS, and ZnS. 

R eaction of BaO with H^ O (J. Berkowitz , F . Stafford, 

and W. A. Chupka). It is shown that the access ib le range of e x p e r i 

menta l conditions is a l so the t rans i t ion range for the react ions 

(1) 2 B a O (s) -I- H ^ O (g) - 2 B a O H (g) -1- i O2 (g) 

a n d 
(2) BaO (s)-I- HgO (g) - B a ( O H ) 2 (g). 

React ion (1) takes place predominant ly at the lower p r e s 

s u r e s of H ^ O ( < 0.05 mm Hg) and react ion (2) at P(H2 0) > 0. 1 mm Hg. 

The main appara tus used in the above studies was MA-15B. 

P lans for future work include (a) remodeling MA-15B to 

incorpora te fas te r pumping, more favorable geomet r ic a r r a n g e m e n t , 

and more efficient ion focusing and (b) studying the vibrat ional spec t ra 

of h igh - t empe ra tu r e molecules ("frozen" in an iner t mat r ix) by use of 

an inf rared spec t rophotometer being requested for the coming yea r . 

i n . 1.2. Kinetics of Chemica l Reactions in the Gas Phase (Project 11-28) 

J . Berkowitz , W. A. Chupka, and S. Wexler 

Ionization potent ial of the CH^ radical (J. Berkowitz and 

S. Wexler ) . F r o m exper imenta l n a s s - s p e c t r o m e t r i c resu l t s on t h e r m a l 
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d e c o m p o s i t i o n of H g ( C H g )2 a n d C H ^ N g , i t w a s c o n c l u d e d t h a t t h e l i f e 

t i m e t o w a r d r e a c t i o n of C H ^ i s m u c h l o n g e r t h a n t h a t of C H ^ . T h e c u r 

r e n t r e s u l t s c a s t s e r i o u s d o u b t o n t h e v a l u e e a r l i e r w o r k e r s h a d r e p o r t e d 

f o r t h e i o n i z a t i o n p o t e n t i a l of C H ^ r a d i c a l . 

V a p o r i z a t i o n p r o c e s s i n v o l v i n g s u l f u r ( J . B e r k o w i t z a n d 

W . A . C h u p k a ) . V a p o r s p e c i e s e v a p o r a t i n g f r o m v a r i o u s a l i o t r o p i c 

f o r m s of s u l f u r d i f f e r d r a s t i c a l l y i n m o l e c u l a r c o m p o s i t i o n . T h e e x 

p e r i m e n t a l r e s u l t s a r e e x p l a i n e d in t e r m s of t h e m o l e c u l a r a r c h i t e c t u r e 

of t h e s o l i d , a n d l e a d t o a b e t t e r u n d e r s t a n d i n g of t h e k i n e t i c s of v a p o r i 

z a t i o n p r o c e s s e s . 

U n i m o l e c u l a r d e c o m p o s i t i o n of S ^ a n d Sg i o n s ( J . 
— ' + • + 

B e r k o w i t z and W. A. Chupka) . The d e c o m p o s i t i o n of S^ and S^ ions 

has been i n t e r p r e t e d in t e r m s of the s t a t i s t i c a l t h e o r y of m a s s s p e c t r a . 

The s i m p l i c i t y of these i ons , in c o m p a r i s o n wi th the h y d r o c a r b o n s in a l l 

p r e v i o u s s t u d i e s , e l i m i n a t e s s o m e c o m p l e x i t i e s . The o c c u r r e n c e of 

m e t a s t a b l e s and the g e n e r a l c h a r a c t e r i s t i c s of the d e c o m p o s i t i o n a r e in 

a g r e e m e n t with the t h e o r y . A s i m i l a r s tudy of S_ h a s begun . 

D i s s o c i a t i o n of bu tane m o l e c u l e ions f o r m e d in c h a r g e -

exchange co l l i s i ons with pos i t i ve ions (W. A. Chupka and E . L i n d h o l m 

[Royal Ins t i tu te of Technology , S tockho lm] ). Th i s s tudy , c a r r i e d out a t 

the Royal Ins t i tu te of Techno logy , S t o c k h o l m , Sweden , whi le one au thor 

( W . A . C . ) w a s on a Guggenhe im f e l l owsh ip , y i e lded a b r e a k d o w n p a t t e r n 

for n -bu tane i ons , i . e . , the mode of d e c o m p o s i t i o n as a funct ion of the 

i n t e r n a l e n e r g y of the n - b u t a n e ion. Th i s p a t t e r n , t o g e t h e r wi th d a t a on 

m e t a s t a b l e ions p r o d u c e d , is a d e q u a t e l y exp la ined by the s t r i c t l y quan tum 

form of the s t a t i s t i c a l t h e o r y of u n i m o l e c u l a r d e c o m p o s i t i o n of i s o l a t e d 

s y s t e m s . The r e s u l t for s e v e r a l of the m o d e s of d e c o m p o s i t i o n show 

c l e a r l y what s t r u c t u r e m u s t be a s s u m e d for the a c t i v a t e d c o m p l e x . In 
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all such c a s e s , the s t r u c t u r e s a r e the ones expected theore t i ca l ly . The 

r e su l t s lead to inc reased unders tanding of some fundamental p r o c e s s e s 

of chemica l kinet ics and radiat ion c h e m i s t r y . 

Kinetic energy r e l e a s e d in decomposi t ion of excited 

molecu la r ions (W. A. Chupka). In this work, which was done in Mainz, 

Ge rmany , while the author was on a Guggenheim fellowship, the quantum 

s ta t i s t i ca l t heo ry of decomposi t ion of isola ted sys t ems was used to ca l 

culate the kinet ic energy of the resul t ing f r agments . The calculated 

quant i t ies a r e in good a g r e e m e n t with exper imenta l m e a s u r e m e n t s of 

other w o r k e r s . The a g r e e m e n t supports the val idi ty of the s ta t i s t i ca l 

theory and s t rongly suggests some in teres t ing deta i ls of the p r o c e s s . 

These de t a i l s , involving the in te rmedia te formation of loose complexes 

in some unexpected c a s e s , have impor tant consequences for ce r t a in ion-

molecule reac t ions whose init ial s teps can be r ega rded as the r e v e r s e of 

the d issoc ia t ion react ions studied h e r e . This information leads to in

c r e a s e d unders tanding of chemica l k ine t i cs and radiat ion c h e m i s t r y . 

P lans for future work. During the coming yea r , it is 

expected that mass spec t rome te r MA-24 will continue to be the p r i m a r y 

tool for chemica l kinetic studies of (a) unimolecular decay of molecula r 

ions , (b) recombinat ion react ions and in te rmolecu la r e n e r g y - t r a n s f e r 

reac t ions occur r ing in the gas phase , and (c) possibly some studies of 

af terglow. A vacuum monochromator for the ul t raviolet and another for 

the vis ible region of the system will be used in all th ree of t hese . In ad

dition (d) MA-24 may be used for some studies of ion-molecule reac t ions 

and (e) MA-15B will probably be used to study the vapors produced by 

l a s e r bombardment of su r f aces . It is hoped that the l a s e r will allow 

pulse s tudies of the composi t ion of sa tura ted vapors at ex t remely high 

t e m p e r a t u r e s (in the neighborhood of 10 000 K). 
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III - 1 .3 . F r a g m e n t a t i o n of P o l y a t o m i c M o l e c u l e s ( P r o j e c t 11-40) 

H. E . Stanton and J . E . Monahan 

The r e l a t i ve y ie lds of f r a g m e n t ions r e s u l t i n g f rom the 

i on i za t i on of s e v e r a l po lya tomic m o l e c u l e s by e l e c t r o n i m p a c t have 

been m e a s u r e d as functions of e l e c t r o n e n e r g y . T h e s e r e s u l t s i n d i c a t e 

that the in i t ia l ion iza t ion event involves the exc i t a t i on of two or m o r e 

g roups of e l e c t r o n i c s t a t e s m the p a r e n t ion and that t h e s e g r o u p s do not 

i n t e r a c t a p p r e c i a b l y in the t i m e i n t e r v a l be fo re d i s s o c i a t i o n . S ince the 

c o m p l e t e coupling of such s t a t e s is a b a s i c p o s t u l a t e in the s t a t i s t i c a l 

theory of i o n i z a t i o n - d i s s o c i a t i o n p r o c e s s e s , the r e s u l t s p r o v i d e a m e a s u r e 

of the va l id i ty of th i s t h e o r y . 

M e a s u r e m e n t s of the e n e r g y d i s t r i b u t i o n s of the f r a g m e n t 

ions should p rov ide an addi t iona l t e s t of t h i s and o t h e r c o n c l u s i o n s . F o r 

e x a m p l e , the width of the o b s e r v e d e n e r g y d i s t r i b u t i o n of a g iven ionic 

s p e c i e s depends on the r e l a t i v e e n e r g i e s of the e l e c t r o n i c s t a t e s wh ich 

c o n t r i b u t e to the p roduc t i on of th is s p e c i e s . A m o m e n t a n a l y s i s of t h e s e 

m e a s u r e d d i s t r i b u t i o n s (which inc ludes a c o r r e c t i o n for r e s o l u t i o n effects) 

h a s b e e n f o r m u l a t e d and s e e m s to give c o n s i s t e n t r e s u l t s . If th i s t e c h n i 

que can be developed, it wi l l p rov ide a s e n s i t i v e m e t h o d for the s tudy of 

the m e c h a n i s m of m o l e c u l a r exc i t a t ion and d i s s o c i a t i o n . 

Both l ines of i nves t i ga t ion wi l l be ex tended to o t h e r m o l e 

c u l e s . 

Ill - 1.4. Consecu t ive Ion -Molecu le R e a c t i o n s ( P r o j e c t 11-41) 

S. W exi e r 

The t echn iques of " h i g h - p r e s s u r e " m a s s s p e c t r o m e t r y have 

been used to s tudy c o n s e c u t i v e i o n - m o l e c u l e r e a c t i o n s in m e t h a n e and 

e thy lene . I n c r e a s i n g l y heavy ions a r e f o r m e d in c h a i n s of c o n s e c u t i v e 

r eac t ions be tween ions and m e t h a n e and e thy lene m o l e c u l e s . E v i d e n c e 

for specif ic chain m e c h a n i s m s was ob ta ined . C r o s s s e c t i o n s for r e a c 

t ions of p r i m a r y and s e c o n d a r y ions wi th m o l e c u l e s w e r e d e t e r m i n e d by 
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a new p r o c e d u r e . Those for the p r i m a r y ions ag ree reasonably well with 

r e s u l t s obtained e l sewhere by different me thods . These m e a s u r e m e n t s 

a r e of impor t ance in establ ishing m e c h a n i s m s of chemical and biological 

effects ini t ia ted by ionizing r ad ia t ions . 

A further i l lus t ra t ion is the study of the ionic mechan i sm 

of "Wilzbach label ing" of methane with t r i t i u m . It was es tabl ished that 

the p r inc ipa l long-l ived ionic t r ans i en t is the spec ies C^H^T , which 

t akes pa r t in both the decay- induced and the radia t ion- induced mechan

i s m s of the labeling of CH.^. 

It is proposed to build an e lec t ron-coUimat ing magnet for 

the sou rce sys t em as wel l a s a new source chamber which will make pos 

sible s tudies at lower source p r e s s u r e s than he re to fo re . Al te ra t ions in 

the sou rce chamber of the por table m a s s spec t rome te r MA-27 will make 

it avai lable for invest igat ion of consecutive ion-molecule reac t ions init iated 

by ionizat ion and excitat ion by m a s s i v e , swiftly moving ions . These will 

be the f i r s t such studies ever m a d e , and should give some insight into the 

chemica l r eac t ions in and near the t r a c k s of ionizing p a r t i c l e s . 

This work will be continued in the Chemis t ry Division after 

July 1, 1963. 

Ill - 1 .5 . Ionization by Ions in the MeV Range (Projec t 11-26) 

S. Wexler and D. C. Hess 

The pa r t i a l c r o s s sect ions for ionization of the r a r e gases 

into va r ious charge s t a tes were de te rmined as a function of proton energy 

from 0.800 to 3.75 MeV. A l s o , the fragmentat ion pa t t e rns of s e v e r a l of 

the lower hydroca rbons under impact of 2 .25-MeV protons were m e a s u r e d 

with the newly cons t ruc ted portable m a s s s p e c t r o m e t e r MA-27. The pat

t e r n s obse rved for the polyatomic molecu les were ve ry s imi la r to those 

found by o the r s on e l ec t ron impact of the respec t ive m o l e c u l e s . The in

dicat ion is that a consequence of the Born approximat ion is va l id , namely , 

that the na tu re of the ionizat ion and excitat ion of i so la ted molecu les is 
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independent of the ionizing particle, provided that the velocity is suffic

iently high. But to test this conclusion more effectively, future work will 

include electron-impact experiments using the arrangement employed in 

the studies with protons of high energy. 

Plans are being made to investigate the ionization and 

excitation of isolated molecules by impact of slower moving protons in 

the energy range from 10 keV to 200 keV as well as by bombardment with 

heavy ions with energies in the region from 200 keV to 1 MeV fronn the 

Van de Graaff generator recently acquired from Notre Dame. Such studies 

should increase our knowledge of the slowing down of recoils from nuclear 

reactions as well as other penetration phenomena. 

A greatly improved mass spectrometer for study of ionic-

impact processes on molecules is being designed. The horizontal machine 

will provide for both mass and energy analysis of the collision products 

and for measurement of their angular distributions. The spectrometer 

I3'E 
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Fig. 21. Source assembly of the mass 
spectrometer for study of impact 
phenomena of protons and molecules 
with energies in the MeV range. 

Fig. 22. Ionization 
cross sections for 
formation of Ne''"''', 
Ne'*'^, and Ne"*"̂ . 
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will be adaptable to the s eve ra l ion a c c e l e r a t o r s at the l abo ra to ry . In 

addition to s tudies of ion ic - impact phenomena on isolated molecu les , 

plans a r e being made for invest igat ion of t rans ien t species from chemi 

cal reac t ions of the ionization products and of penet ra t ion of m a s s i v e 

ions through thin f i lms . 

Ill - 1.6. Atomic and Ionic Impact Phenomena on Metal Surfaces 
(Pro jec ts 11-22, 23) 

M. Kaminsky 

P u l s e d - m o l e c u l a r - b e a m m a s s spec t rome te r (MA-25). 

Cons t ruc t ion of this machine is complete and the major components have 

been a s s e m b l e d and t e s t ed . F i g . 23 shows the machine in a recent stage 

of a s s e m b l y . Its design offers a new approach in the invest igat ion of 

atomic and ionic impact phenomena on meta l su r f aces ; the pulsed beams 

of e i the r ions or neut ra l a toms allow var ious t ime and t ime-of-f l ight 

m e a s u r e m e n t s , the u l t r a -h igh vacuum mainta ins the requis i te surface 

c leanness for a t ime long enough to be useful, and monocrys ta l l ine s u r 

faces allow be t t e r defined exper imenta l conditions for the impact pheno

mena cons ide red . With incident neu t ra l a t o m s , it pe rmi t s m e a s u r e m e n t s 

of the probabi l i ty of desorp t ion ( inverse mean res idence t ime) from a hot 

surface as ions and as n e u t r a l s , and a l so of the c h a r g e - t r a n s f e r probabi l i ty 

(which has not yet been d i r e c t l y m e a s u r e d exper imenta l ly ) , and of the 

unknown re laxa t ion t ime for energy exchange between adatom and g a s -

free monocrys ta l l ine s u r f a c e s . Such expe r imen t s a r e now being set up 

for po tass ium a toms on tungsten monocrys ta l l ine s u r f a c e s . With incident 

ions it p e rm i t s s tudies of desorp t ion p robab i l i t i e s , ref lect ion coeff icients , 

and Auger and r e sonance neut ra l iza t ion of i ons . 

Po r t ab le m a s s s p e c t r o m e t e r (MA-27) to study the spec ies 

of p a r t i c l e s leaving the t a r g e t under h igh -ene rgy ion b o m b a r d m e n t . This 

r ecen t ly completed machine is used in conjunction with the 4 .5 -MeV Van 

de Graaff a c c e l e r a t o r and the Cockroft -Walton gene ra to r at the cyclo t ron 



Fig. 23. Pulsed-molecular-beam mass spectrometer . The pulsed-beam 
apparatus with the ion source can be seen at the upper left. The 
analyzing magnet is in the central region. The detector (secondary-
electron multiplier) is partly hidden at the bottom of the diffusion 
pumps. 
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building. The m e a s u r e m e n t s are conducted to study the species of p a r 

t i c les leaving a monocrys ta l l ine t a rge t in a charged or uncharged state 

under ion bombardmen t in the Rutherford coll ision region and thereby 

gain informat ion about the sputtering mechanism operat ive in this energy 

region . So far the (100) planes of copper and s i lver have been bombarded 

with p ro tons , deu t e rons , and He ions in the energy range from 0.70 to 

1.9 MeV. Table I contains some p r e l i m i n a r y r e su l t s for 750-keV D 

on a Cu (100) plane and 800-keV protons on an Ag (100) plane. These con

tinuing expe r imen t s will vary impor tant col l is ion p a r a m e t e r s (masses of 

incident ion and t a rge t a tom, incident- ion energy, c ry s t a l s t r uc tu r e of 

t a rge t , e t c . ). 

TABLE I. Species of pa r t i c l e s sput te red in an uncharged 
or charged s t a t e . (The in tensi t ies re la t ive to one of the a tomic 
spec ies a r e given in p a r e n t h e s e s . ) 

Neut ra l p a r t i c l e s : Cu(100%); Cu^ (20%); CuO( l -2%) ; 
Na; K; Ca 

750-keVD'*' on Cu(lOO) Singly charged Cu'' '(100%) 
ions : 

Multiply charged ^^ ^^ detectable amounts 
ions : 

Neut ra l p a r t i c l e s : Ag(100°/c,); Ag^ (25%); AgO (2-3%) 
Na, K 

800-keVp''" on Ag(lOO) Singly charged Ag'''(100^o) 
ions : 

Multiply charged ^^ ^^ detectable amounts 

Sputter ing in the Rutherford col l is ion region . A ta rge t 

chamber with a movable monocrys ta l mount and a high-vacuum system 

is being used to study the dependence of the sputter ing ra t io (sput tered 
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particles per incident ion) on the incident ion energy, the angular d i s t r i 

bution of sputtered par t ic les , and ionic etching effects on surfaces . 

While several theoretical approaches (based on different models for 

the emission mechanism) had been developed recently, no experinnental 

data on "back sputtering" in the Rutherford collision region existed to 

check those theor ies . Optical t ransmission measurements of the sput

tered deposits on a quartz wall [ e . g . , the deposits for D normally in

cident on a (100) surface of Ag] revealed that the sputtering ratio S 

decreased with increasing ene rgy ( S = 5 . 1 X 10"3 atom/ion at 100 keV 

to S = 1. 2 X 10"3 atom/ion at 975 keV) and was lower for Cu than for Ag, 

in qualitative agreement with theoretical predict ions. A more detailed 

study will include the dependence of the sputtering rate on the mass and 

charge of the incident ion, the atomic mass and crystal s tructure of the 

target , the angle of incidence, and the target t empera ture . For normal 

incidence, electron micrographs reveal three types of surface etch pi ts; 

for oblique incidence, elongated grooves oriented along the direction of 

the beam are observed. 

Atomic collision sequences. It has been possible to es tab

lish the existence of preferred ejection directions in the back sputtering 

of target particles from the (100) planes of Cu and Ag monocrystals under 

deuteron bombardment in the Rutherford collision region, despite the fact 

that most of the pr imary and secondary knock-ons are produced several 

thousand angstroms below the surface. Optical t ransmiss ion m e a s u r e 

ments as well as autoradiography of the sputtered deposits collected on 

a quartz tube revealed four main spots corresponding to the [UO] d i r ec 

tions. Additional spots corresponding to the [112] and [100] crystal d i r 

ections were less intense. These results confirm recent predictions of 

cascades of focused atomic collision sequences along close-packed 

directions in the crysta l . Another significant observation was the increas

ing asymmetry in the densities of the four [UO] spots, as the angle of 
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incidence a i nc r ea sed , indicating an anisotropy in the momentum d i s 

t r ibu t ion of the p r i m a r y recoi l a t o m s . The densi ty d is t r ibut ion of the 

deposi t within one spot of the pa t te rn is Gauss ian and not cos ine . This 

indica tes that the recent ly suggested mechanism of sputter ing by heated 

spikes is of no major impor tance in these expe r imen t s . 

2-MeV Van de Graaff (with J . R. W a l l a c e ) . An e lec t ron 

machine shipped from Notre Dame Univers i ty is being converted into a 

pos i t ive- ion machine in o rde r to fill the energy gap between the Cockroft-

Walton g e n e r a t o r s and the Van de Graaff a c c e l e r a t o r s a l ready in operat ion 

at ANL. An rf ion source will be used to produce light ions (protons, 

d e u t e r o n s , and helium ions) and a sur face- ioniza t ion source will produce 

ions of the alkal i and alkaline ea r th m e t a l s . The la t te r will allow studies 

in which the incident ions a r e more m a s s i v e than the t a rge t a t o m s . 

Adapting the machine to the p r e s e n t problem will take both machine work 

and aux i l i a ry equipment . 

I l l - 1.7. Diffusion of Alkali Salts Through Metals (Project 11-22) 

M. Kaminsky , D. S p e a r s , and E . Bl iss 

The diffusion of alkali sa l t s through platinum and tungsten 

was s tudied with the m a s s s p e c t r o m e t e r from the pu l s ed -mo lecu l a r -beam 

appara tus (MA-25). Such diffusion p r o c e s s e s will be important in the 

th in-wal led sections near the exit sl i t of the effusion cell in MA-25 . The 

comple ted s tudies of the diffusion of LiCl through polycrysta l l ine platinum 

indicate a d e c r e a s e of the isotopic ra t io Li '^/Lis with increas ing t e m 

p e r a t u r e , and the act ivat ion energy for g ra in-boundary diffusion has been 

m e a s u r e d . M e a s u r e m e n t s of the diffusion of LiCl through monocrys ta l l ine 

tungsten a r e nea r ly comple t e . Fu tu r e exper iments will include different 

sa l t s and monocrys ta l l ine m a t e r i a l . 
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III - 2. HIGH-FREQUENCY PLASMAS (Project IV-10) 

The dynamic p rope r t i e s of p l a smas include seve ra l types 
of osc i l l a t ions , r e s o n a n c e s , and cutoffs al l a ssoc ia ted with rf f r e 
quencies of the o r d e r of m e g a c y c l e s / s e c up to hundreds of g i g a c y c l e s / s e c . 
These p r o p e r t i e s a r e usual ly studied in dc-exci ted p lasmas by probing 
with weak rf f i e lds . However , when rf fields a r e used to excite p l a s m a s , 
these dynamic p r o p e r t i e s a r e enhanced by cooperat ive eflects and p l a s m a -
field in te rac t ions to produce s e v e r a l new and unusual types of p lasma 
phenomena not encountered in dc-exc i ted p l a s m a s . Although some of 
these phenomena indicate intr iguing a r e a s of application, such as i m p r o 
ved rf ion s o u r c e s and s table containment of high-density p l a s m a s , the 
p r e s e n t f r a g m e n t a r y s ta te of knowledge of p rope r t i e s of high-frequency 
p l a s m a s indicates a m o r e urgent need for basic r e s e a r c h in this l a t te r 
a r e a . 

The Argonne studies of basic p rope r t i e s of high-frequency 
p l a s m a s a r e developing along two l ines , the major dist inguishing c r i t e r ion 
being the d e g r e e of uniformity of the exciting rf field. The exper iment on 
p l a s m a s in uniform e l ec t r i c fields has been in p r o g r e s s for about five 
y e a r s and r e p r e s e n t s in p a r t an extension of work done at other p l a c e s . 
The exper iment on p la smas in nonuniform cavity fields is only now coming 
into being and r e p r e s e n t s an a lmost complete ly new a r e a of invest igat ion. 
Both expe r imen t s a r e to be ins ta l led in an rf shielded room 16 ft X 24 ft X 
8 ft high in o r d e r to avoid poss ib le in te r fe rence with other exper iments in 
the P h y s i c s Building. 

Ill - 2. 1. P l a s m a s in Uniform E l e c t r i c F ie lds 

Albe r t J . Hatch 

This is a study of fundamental p rope r t i e s and const i tut ive 

p a r a m e t e r s of rf (15 M c / s e c ) p l a s m a s at low p r e s s u r e s («20^Hg) at which 

the e lec t ron mean free path exceeds the c h a r a c t e r i s t i c diffusion length 

(3.5 cm) of the plane p a r a l l e l e l ec t rodes and at which the rf wavelength 

(2000 cm) g rea t ly exceeds both the e l ec t rode sepa ra t ion (15 cm) and the 

osci l la t ion ampli tude of the e l ec t rons (« 15 c m ) . The phenomena in this 

domain involve coopera t ive e lec t ron motion as manifes ted s t r ik ingly in 

the h igh-f requency p l a smoids , and a r e of s ignif icance in unders tanding 

e lec t ron p l a s m a osci l la t ions as re la ted to the complex conductivi ty of 

h igh-f requency p l a s m a s . 
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P h o t o g r a p h i c s t u d i e s of p l a s m a s t r u c t u r e , and c i r c u i t and 

p r o b e m e a s u r e n n e n t s of p l a s m a conduc t iv i ty , d i e l e c t r i c c o n s t a n t , and i n 

t e r n a l dc and rf f ields have led to a p a r t i a l u n d e r s t a n d i n g of f o r c e d e l e c t r o n 

o sc i l l a t i ons in rf p l a s m a s . The m o s t s ign i f i can t r e s u l t is t he m e a s u r e m e n t 

in the p l a s m o i d s of an effect ive d i e l e c t r i c c o n s t a n t g r e a t e r than uni ty , 

t yp i ca l ly 2 to 5, and the deve lopmen t of an exp lana t ion in t e r m s of s i m p l e 

d i s p e r s i o n t h e o r y on the b a s i s of bulk p o l a r i z a t i o n of the p l a s m o i d ( a r i s i n g 

ma in ly f rom shea th e f fec t s ) . A r e l a t e d s ign i f ican t f e a t u r e of the s p h e r o i d a l -

shaped p l a s m o i d is the e x i s t e n c e of a b o u n d a r y width of the o r d e r of 0 .001 

of an e l e c t r o n m e a n - f r e e - p a t h as shown in the p h o t o g r a p h in F i g . 2 4 . 

F i g . 2 4 . P h o t o g r a p h of h i g h - f r e q u e n c y 
p l a s m o i d . The e l e c t r o d e s a r e iden t i f i 
ab le on the le f t - and r i g h t - h a n d s ide s of 
the pho tograph by re f l ec ted l ight f rom 
the p l a s m o i d . E l e c t r o d e s e p a r a t i o n = 15 
c m , f r equency = 15 M c / s e c , r t p o t e n t i a l ; 
52 V peak , p r e s s u r e = 0 . 2 m i c r o n Hg in 
d r y a i r . 

A new u l t r a - h i g h vacuum s y s t e m is being a s s e m b l e d for 

i m p r o v e d quant i ta t ive m e a s u r e m e n t s in pure g a s e s . Dependence of pheno

m e n a on the type of gas wil l be s tudied by p r e s e n t m e t h o d s s u p p l e m e n t e d 

by opt ica l s p e c t r o g r a p h y . 

Ill - 2. 2. P l a s m a s in Nonuni form (Cavity) E l e c t r o m a g n e t i c F i e l d s 

A l b e r t J . Hatch 

This is an e x p l o r a t o r y s tudy of f u n d a m e n t a l p h e n o m e n a and 

p r o p e r t i e s of p l a s m a s in r e s o n a n t - c a v i t y f ie lds a t u l t r a - h i g h f r e q u e n c i e s 

(600 to 1000 M c / s e c ) and m i c r o n p r e s s u r e s a t which both t he e l e c t r o n m e a n 
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f ree path and the rf wavelength (30 50 cm) are comparab le to the d i 

mens ions of the cyl indr ical rf cavity (30 to 50 cm d i ame te r , 50 cm 

length) and l a rge compared with the osci l lat ion amplitude ( < 1 cm) of the 

e l e c t r o n s . Special i n t e re s t is in the p la sma effects resul t ing from rad ia 

tion p r e s s u r e due to gradients in standing-wave e lec t romagnet ic fields in 

the cav i ty . 

Theore t ica l studies and an analog exper iment simulating 

radia t ion p r e s s u r e s on p l a s m a s in resonant cavi t ies have provided the 

bas i s for the des ign of the new exper imenta l a p p a r a t u s . The major c o m 

ponents a r e a 2-kW continuous-wave tunable k lys t ron amplif ier (being 

built by Continental E l e c t r o n i c s , Dal las , Texas ) , two cavit ies to a c c o m 

modate the four fundamental modes of excitation (dipole and quadrupole , 

E and H), a vacuum sys t em, and anc i l l a ry equipment for impedance 

m e a s u r e m e n t and matching, rf isolat ion, and d iagnos t ics . The at tainable 

radia t ion p r e s s u r e s will be in the range of a few m i c r o n s , which is about 

5 o r d e r s of magnitude g r e a t e r than the radia t ion p r e s s u r e due to so la r 

radia t ion at the e a r t h ' s surface and which can be competi t ive with the 

p r e s s u r e in the background gas in the cavi ty . Use of the four fundamental 

modes of excitationwiU p e r m i t meaningful co r r e l a t i on of theory with e x p e r i 

menta l obse rva t ions . 

In addition to the bas ic a spec t s of r a d i a t i o n ^ r e s s u r e effects 

on p l a s m a s , a poss ib le r e su l t of th is expe r imen t is a demons t ra t ion of 

stable and continuous dynamic conta inment of a sharply-bounded dense 

p la sma in the vicini ty of the nodal point in the quadrupole magnet ic mode 

of the cavi ty . Such a r e s u l t has potential appl icabi l i ty to p la sma c h e m i s t r y 

and t h e r m o n u c l e a r p r o c e s s e s and would encourage extending the e x p e r i 

ments to higher levels of rad ia t ion p r e s s u r e ( s tored energy densi ty) in the 

cavity, e i the r by inc reas ing the power input to the cavity or by use of a 

c ryogenica l ly cooled cavi ty . An ove r - a l l d i ag ram of the new exper imen ta l 

faci l i ty for these studies is shown in F ig . 25. 
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Fig. 25. Over-all layout of UHF plasma experiment. The klystron 
amplifier receives low-level UHF power (< 5 watts) from the driver 
oscillator and delivers high power (10 — 2000 watts) to the plasma 
cavity via the 3— -in. coaxial line. This line includes power-
monitoring, impedance-measuring, and impedance-matching units. 
Several details such as connecting cables and vacuum system fore-
line have been omitted for clarity. The plasma cavity will consist 
of copper-clad stainless steel baseplates, a cylindrical bell jar , and 
a surrounding copper cylinder with an a r ray of small perforations at 
eye level that will serve as a viewing port . 
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IV. PUBLICATIONS FROM 1 APRIL 1962 THROUGH 31 MARCH 1963 

The p a p e r s l i s ted he re a r e those whose publication was noted 
by the repor t ing unit of the Labora to ry in the 1-year per iod s tated. The 
dates on the jou rna l s therefore a r e often e a r l i e r . The l is t of pape r s and 
books includes l e t t e r s and notes ; the l i s t of a b s t r a c t s includes al l pape r s 
p r e s e n t e d at mee t ings — even in c a se s in which the complete text was 
publ ished in a volume of p roceed ings . 

V - 1 . PUBLISHED PAPERS AND BOOKS 

1. NEUTRON DETECTION WITH GLASS SCINTILLATORS 
L. M. Boll inger , G. E. Thomas , and R. J . Ginther 

Nuclear Ins t r . and Methods _12, 97-116(1962) . 

2. A BORON-LOADED LIQUID SCINTILLATION NEUTRON DETECTOR 
USING A SINGLE PHOTOMULTIPLIER 

G. E. Thomas 
Nuclear Ins t r . and Methods £7 , 137-139(1962) . 

3. DIRECT OBSERVATION OF RESONANT p-WAVE NEUTRON CAPTURE 
H. E . J ackson 

P h y s . Rev. 127, 1687-1690 (September 1, 1962). 

4. RESONANT ABSORPTION OF NEUTRONS BY CRYSTALS 
H. E. Jackson and J . E. Lynn 

P h y s . Rev. 127, 461-468 (July 15, 1962). 

5. RATIO OF SYMMETRIC TO ASYMMETRIC FISSION FOR RESONANCE-
NEUTRON FISSION OF U235 

L. E. Glendenin (CHM), K. F . F lynn(CHM), and L. M. Boll inger 
T r a n s . Am. Nuclear Soc. _5 ( ' ) ' ^0-21 (June 1962). 

6. GAMMA-RAY SPECTRUM FROM THERMAL-NEUTRON CAPTURE 
IN Hfl^7 AND ASSOCIATED ENERGY LEVELS IN Hfi^s 

R. K. Smi ther 
P h y s . Rev. 129, 1691-1 708 ( F e b r u a r y 15, 1963). 

7. HIGH-ENERGY GAMMA RAYS FROM Na^* 
J . E. Monahan, S. Raboy, and C. C. T r a i l 

Nuclear P h y s . i3_, 633-638 (1962). 

8. MEASUREMENTS OF LIFETIMES OF RADIOACTIVE SOURCES 
J . E. Monahan, S. Raboy, and C. C. T r a i l 

Nuclear Ins t r . and Methods 17(3), 225-230 (December 1962). 
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9. GEOMETRICAL CONSIDERATIONS IN THE MEASUREMENT OF THE 
RATIO L/R IN THE SCATTERING OF POLARIZED NUCLEONS 

J. E. Monahan and A. J. Elwyn 
Nuclear Instr. and Methods _1_4, 348-350 (January 1962). 

10. POLARIZATION OF NEUTRONS IN SCATTERING FROM LIGHT 
NUCLEI AND IN THE Li7(p, n)BeT REACTION 

A. J. Elwyn and R. O. Lane 
Nuclear Phys. 2 1 , 78-117 (January 1962). 

U . POLARIZATION AND DIFFERENTIAL CROSS SECTION FOR NEU
TRON SCATTERING FROM SILICON 

R. O. Lane, A. J. Elwyn, and A. Langsdorf, J r . 
Phys. Rev. 126, 1105-1111 (May 1, 1962). 

12. POLARIZATION AND DIFFERENTIAL CROSS SECTIONS IN n-d 
SCATTERING 

A. J. Elwyn, R. O. Lane, and A. Langsdorf, J r . 
Phys. Rev. 128, 779-789 (October 15, 1962). 

13. ENERGY-DEPENDENT MULTIPLE SCATTERING OF NEUTRONS IN 
THIN PLATES 

R. O. Lane and W. F . Miller (AMD) 
Nuclear Instr. and Methods j_6, 1-16(1962). 

14. NEUTRON BACKGROUND DUE TO Ta BACKINGS FOR LITHIUM 
TARGETS 

C. T. Hibdon 
Nuclear Instr. and Methods £7 ,̂ 177-180(1962). 

15. THIN dE/dx COUNTER WITH LARGE APERTURE 
J. A. Weinman and R. K. Smither 

Rev. Sci. Instr . 21 , 653-654 (June 1962). 

16. STATES IN Biu FROM ELASTIC SCATTERING OF ALPHAS BY Li^ 
G. Dearnaley, D. S. Gemmell, and S. S. Hanna 

Nuclear Phys. ib_, 71-81 (July 1962). 

17. THE ARGONNE 60-IN. SCATTERING CHAMBER 
J. L. Yntema and H. W. Ostrander (CS) 

Nuclear Instr. and Methods j_6 ,̂ 69-88(1962). 

18. (d, t) REACTION STUDIES ON IRON AND NICKEL 
M. H. Macfarlane, B. J. Raz, J. L. Yntema, and B. Zeidman 

Phys. Rev. 127, 204-212 (July 1, 1962). 
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19. (d, t) REACTION ON THE TITANIUM ISOTOPES 
J . L. Yntema 

P h y s . Rev. 127, 1659-1663 (September 1, 1962). 

20. POSSIBLE THREE-PHONON GROUP FROM Ni^^ 
H. W. Broek 

P h y s . Le t t e r s 2 (3), 132-1 34 (December 15, 1962). 

21 . ELASTIC AND INELASTIC SCATTERING OF 43-MEV ALPHA 
PARTICLES BY Ni^a AND Nis" 

H. W. Broek, T. H. Braid, J. L. Yntema, and B. Zeidman 
P h y s . Rev. 126, 1514-1520 (May 15, 1962). 

22. SCATTERING OF ALPHA PARTICLES BY ZnS4 and Zn3a 
H. W. Broek, T. H. Braid, J . L. Yntema, and B. Zeidman 

Nuclear P h y s . 22, 305-315 (1962). 

23. DAS VORZEICHEN DER HYPERFEINSTRUKTUR-AUFSPALTUNG 
DES 3d54s2 "^Sj -GRUNDZUSTANDES DES Mn^^ 

L. Goodman, G. Noldeke, and H. Walther 
Z. Phys ik 167, 26-28(1962) . 

24. ELECTRIC QUADRUPOLE MOMENT OF THE 14. 4-KEV STATE OF FeS^ 
C. E. Johnson, W. Marsha l l , and G. J. Per low 

P h y s . Rev. 126, 1503-1506 (May 15, 1962). 

25. THE MOSSBAUER E F F E C T IN METALLIC IRON 
R. S. P r e s t o n , S. S. Hanna, and J . Heber le 

P h y s . Rev. 128, 2207-2218 (December 1, 1962). 

26. SEARCH FOR AN E F F E C T OF MAGNETIC FIELDS ON ELECTRO
MAGNETIC RADIATION 

S. S. Hanna, G. J . Pe r low, J. P . Schiffer, and J. A. Weinman 
Nature 195, 791-792 (August 25, 1962). 

27. BERYLLIUM WINDOW FOR GAMMA RAYS IN A LIQUID-HELIUM 

CRYOSTAT 
J . Heber le 

Rev. Sci. Ins t r . 22- 1476-1477 (December 1962). 

28. SENIORITY MIXING IN 1 f.̂  .^ NUCLEI 
R. D. Lawson and B. Zeidman 

P h y s . Rev. 128. 821-825 (October 15, 1962) 

29. NUCLEAR MODELS AND SURFACES 
D. R. Inglis 

Revs . Modern P h y s . 34, 165-1 72 (April 1962). 
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30. NUCLEAR MODELS, THRESHOLD STATES AND REARRANGEMENT 
ENERGY 

D. R. Inglis 
Nuclear Phys. 30, 1-29 (1962). 

31. HEAVY-PARTICLE STRIPPING AND THE STRUCTURE OF Ni* 
D. R. Inglis 

Phys. Rev. 126, 1789-1794 (June 1, 1962). 

32. THE DEFORMATION ENERGY OF A CHARGED DROP. IV. EVIDENCE 
FOR A DISCONTINUITY IN THE CONVENTIONAL FAMILY OF SADDLE 
POINT SHAPES 

S. Cohen and W. J. Swiatecki 
Ann. Phys. (New York) 29, 67-164 (July 1962). 

33. SCATTERING OF ALPHA PARTICLES BY A VIBRATIONAL NUCLEUS 
L. J. Tassie 

Australian J. Phys. 22, 135-142 (June 1962). 

34. THE PION-PION EFFECT ON LOW-ENERGY PION-NUCLEON 
SCATTERING 

M. Marinaro and K. Tanaka 
Nuovo cimento 22, 537-546 (February 1, 1962). 

35. POSSIBLE INTERPRETATIONS OF HIGH-ENERGY CROSS SECTIONS 
K. Tanaka 

Nuovo cimento 22, 537-540 (November 1, 1962). 

36. REGGE TRAJECTORY IN FIELD THEORY 
L. S. Liu and K. Tanaka 

Phys. Rev. 129, 1876-1879 (February 15, 1963). 

37. NEUTRAL SCALAR o" MESON AND THE MASS DIFFERENCE BETWEEN 
MUON AND ELECTRON 

K. Tanaka 
Nuovo c imento22, 169-176 (1 July 1961). 

38. CHARGE STRUCTURE OF THE NUCLEON 
K. Hiida 

Phys. Rev. 127, 2231-2235 (September 15, 1962). 

39. PARTICLES WITH ZERO MASS AND PARTICLES WITH "SMALL" 
MASS 

F . Coester 
Phys. Rev. 129, 2816-281 7 (15 March 1963). 
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40. TIME REVERSAL AND SUPERSELECTION 
H. Eks te in 

Nuovo cimento 23^, 606-615 (Feb rua ry 1, 1962). 

4 1 . A NOTE ON THE SUPERSELECTION RULES FOR SP1N--| BOSONS 
R. Spitzer 

P h y s . Le t t e r s 2 , 102 (August 15, 1962). 

42. SPIN AND STATISTIC S WITH AN INDEFINITE METRIC 
R. Spi tzer 

Nuclear Phys . 22, 614-625 (1962). 

43 . POSSIBLE DETERMINATION OF THE SPIN OF THE "^ FROM THE 
ANGULAR ASYMMETRY OF ITS DECAY 

M. Peshk in 
P h y s . Rev. 129, 1864-1866 (15 F e b r u a r y 1963). 

44. FLUX QUANTIZATION AND THE CURRENT-CARRYING STATE IN 
A SUPERCONDUCTING CYLINDER 

H. J . Lipkin, M. Peshkin, and L. J. Tass i e 
P h y s . Rev. 126, 116-117 (April 1, 1962). 

45. FLUX QUANTIZATION AND TIME-REVERSAL DEGENERACY 
M. Peshk in and W. Tobocman (Case Inst , of Techn. ) 

P h y s . Rev. 127, 1865-1867 (September 15, 1962). 

46. MASS SPECTROMETRIC STUDY OF THE MAGNESIUM HALIDES 
J . Berkowitz and J. R. Marqua r t 

J . Chem. P h y s . 2 1 , 1853-1865 (October 15, 1962). 

47. DOUBLE-OVEN EXPERIMENTS WITH LITHIUM HALIDE VAPORS 
J . Berkowitz , H. A. Tasman , and W. A. Chupka 

J . Chem. P h y s . ib_, 2170-2179 (April 15, 1962). 

48. HEAT OF FORMATION OF THE CN RADICAL 
J . Berkowitz 

J . Chem. P h y s . ib_, 2533-2539 (May 15, 1962). 

49. ON THE IONIZATION POTENTIAL OF THE CH^ RADICAL 
J . Berkowitz and S. Wexler 

J . Chem. P h y s . ll_, 1476-1478 (October 1, 1962). 

50. MASS SPECTRA RESULTING FROM HIGH-ENERGY ELECTRON IM
PACT ON SOME HYDROCARBON MOLECULES 

J . E . Monahan and H. E. Stanton 
J . Chem. P h y s . 37, 2654-2661 (December 1, 1962). 
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51. CONSECUTIVE ION-MOLECULE REACTIONS IN METHANE 
S. Wexler and N. Jesse 

J. Am. Chem. Soc. 22, 3425-3431 (September 20, 1962). 

52. ON THE MECHANISM OF THE ISOTOPIC EXCHANGE OF TRITIUM 
WITH METHANE 

S. Wexler 
J. Am. Chem. Soc. 22, 272-277 (February 5, 1963). 

53. CHARGE STATES OF MOLECULAR FRAGMENTS FROM CClgBr 
FOLLOWING NUCLEAR DECAY OFBrSO and BrS2 

S. Wexler 
J. Chem. Phys. 36_, 1992-1998 (April 15, 1962). 

54. lONENBILDUNG AN HEISSEN METALLOBERFLACHEN 
M, S. Kaminsky 

Physik. Verhandlungen (1962), No. 1, 2, pp. 60-97. 

55. UBER EIN MASSENSPEKTROMETER Z UM NACHWEIS GEPULSTER 
MOLEKULARSTRAHLEN UND SEINE VERWENDUNG ZUR 
UNTERSUCHUNG VON ADSORPTIONS-UND DESORPTIONSVORGANGEN 
AN METALLOBERFLACHEN 

M. K. Kaminsky 
Phys. Verb. VDPG 2, 66(1961). 

56. SPUTTERING EXPERIMENTS IN THE RUTHERFORD COLLISION 
REGION 

M. S. Kaminsky 
Phys. Rev. 126, 1267-1270 (May 15, 1962). 

57. EXPERIMENTAL ANALOG STUDY OF CONTAINMENT OF DENSE 
PLASMAS IN RESONANT-CAVITY FIELDS 

A. J. Hatch and J. W. Butler 
J. Electronics and Control 22, 89-103 (February 1962). 

58. EFFECT OF STYRENE MONOMER ON THE FLUORESCENCE PROP
ERTIES OF POLYSTYRENE 

L. J. Basile 
J. Chem. Phys. 36_, 2204-2210 (April 15, 1962). 

59. ON THE FLUORESCENCE SPECTRUM AND DECAY TIME OF 
NAPHTHALENE 

I. B. Berlman (RPY) and A. Weinreb 
Molecular Phys. 5, 313-319 (July 1962). 
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60. FLUORESCENCE ENERGY TRANSFER AND OXYGEN QUENCHING IN 
SOLUTIONS OF DIPHENYLOXAZOLE IN CYCLOHEXANE 

A. Weinreb 
J. Chem. P h y s . 36, 890-894 ( F e b r u a r y 15, 1962). 

- 2. PUBLISHED ABSTRACTS 

1. REVIEW OF NUCLEAR PHYSICS EXPERIMENTS AT THE C P - 5 
REACTOR 

R. E. Cote and L. M. Boll inger 
P roceed ings of the IAEA Symposium on Pi le Neutron 
R e s e a r c h in Phys i c s , Vienna, October 17-21, I960 
(Internat ional Atomic Energy Agency, Vienna, 1962), 
pp. 135-155. 

2. TWO RECENT ADVANCES IN SLOW-NEUTRON DETECTORS 
G. E. Thomas and L. M. Boll inger 

Bull. Am. P h y s . Soc. 1_, 411 (June 19, 1962). 

3. FISSION CROSS SECTION OF Th229 FOR SLOW NEUTRONS 
L. M. Boll inger , H. Diamond, and J. E. Gindler 

Bull. Am. P h y s . Soc. £, 370 (Apri l 22-25, 1963). 

4. TOTAL CROSS SECTION OF Th232 FOR SLOW NEUTRONS 
G. E. Thomas and L. M. Boll inger 

Bull . Am. P h y s . Soc. S_, 334 (Apri l 22-25, 1963). 

5. NEUTRON RESONANCES IN SELENIUM 
R. E. Cote, L. M. Boll inger , and G. E. Thomas 

' B U I I . Am. P h y s . Soc. 2 , 334 (Apri l 22-25, 1963). 

6. GAMMA-RAY ANGULAR CORRELATIONS IN Ni^s and Ni^i 
R. E . Cote, H. E. Jackson, J r . , L. L. Lee, J r . , and 
J . P . Schiffer 

Bull . Am. P h y s . Soc. ]_, 551-552 (November 23, 1962). 

7. RESONANCE AVERAGE VALUES OF PARTIAL RADIATION WIDTHS 
R. T. Ca rpen te r and L. M. Boll inger 

Conference on E lec t romagne t i c Life t imes and P r o p e r t i e s 
of Nuclear States , Gat l inburg, T e n n e s s e e , October 5-7, 
1961, Nuclear Science Se r i e s Repor t No. 37 (National 
Academy of Sciences , National R e s e a r c h Council , Wash
ington, D. C. , 1962), pp. 219-220. 
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8. DIRECT OBSERVATION OF RESONANT p-WAVE NEUTRON CAPTURE 
H. E. Jackson 

Bull. Am. Phys. Soc. 1_, 289 (April 23, 1962). 

9. p-WAVE NEUTRON CAPTURE IN Zr, Mo, AND Nb 
H. E. Jackson 

Bull. Am. Phys. Soc. 2, 376 (April 22-25, 1963). 

10. Smi49(n, yjSmis" AND THE ASSOCIATED ENERGY LEVELS IN Smis" 
R. K. Smither 

Bull. Am. Phys. Soc. ]_, 316-317 (April 23, 1962). 

11. AN APPARATUS FOR THE STUDY OF GAMMA-RAY SPECTRA FROM 
THE CAPTURE OF MONOCHROMATIC NEUTRONS 

J. E. Monahan, S. Raboy, G. R. Ringo, and C. C. Trai l 
Proceedings of the IAEA Symposium on Pile Neutron 
Research in Physics, Vienna, October 17-21, I960 
(International Atomic Energy Agency, Vienna, 1962), 
pp. 615-631. 

12. CAPTURE GAMMA RAYS FROM Ca44 
S. Raboy and C. C. Trai l 

Bull. Am. Phys. Soc. S_, 358 (April 22-25, 1963). 

13. POLARIZATION AND DIFFERENTIAL CROSS SECTION FOR NEUTRONS 
SCATTERED FROM DEUTERIUM 

R. O. Lane, A. J. Elwyn, and A. Langsdorf, J r . 
Bull. Am. Phys. Soc. 1_, 333 (April 23, 1962). 

14. POLARIZATION OF NEUTRONS SCATTERED FROM Zr, Nb, Mo, 
AND Cd 

A. Langsdorf, J r . , A. J. Elwyn, and R. O. Lane 
Bull. Am. Phys. Soc. 1_, 532 (November 23, 1962). 

15. PULSED-BEAM MEASUREMENTS ON THE DOUBLET IN Se^^ 
F . J. Lynch and E. N. Shipley 

Bull. Am. Phys. Soc. ]_, 551 (November 23, 1962). 

16. THREE-BODY DISINTEGRATIONS INVOLVING Be8 
S. S. Hanna 

Bull. Am. Phys. Soc. ]_, 470 (August 27, 1962). 

17. K39(p, Q)Ar3s REACTION 
R. G. Alias, D. von Ehrenstein, L, Meyer-Schutzmeister , 
and J. A. Weinman 

Bull. Am. Phys. Soc. S_, 48 (23 January 1963). 
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18. ON THE STATISTICAL NATURE OF FLUCTUATIONS IN NUCLEAR 
CROSS SECTIONS 

L. L. Lee, J r . , and J . P . Schiffer 
Bull . Am. P h y s . Soc. 2, ^75 (April 22-25, 1963). 

19. ELASTIC AND INELASTIC SCATTERING FROM Ni ISOTOPES 
J . P . Schiffer and L. L. Lee, J r . 

Bull . Am. P h y s . Soc. 8_, 375 (April 22-25, 1963). 

20. Ni4(d, a )Cl2 REACTION 
R. G. Al i a s , T. H. Braid, L. L. Lee, J r . , and J . P . Schiffei 

Bull . Am. P h y s . Soc. J , 411 (June 19, 1962). 

21. A STUDY OF THE Ca40(d, d)Ca40 AND Ca*" (d, p)Ca4i REACTIONS 
L. L. Lee, J r . , J . P . Schiffer, and B. Zeidman 

Bull.' Am. P h y s . Soc. 8, 48 (23 January 1963). 

22. ELASTIC SCATTERING OF PROTONS BY Mg2S 
M. C. Mer tz 

Bull . Am. P h y s . Soc. S, 318 (April 22-25, 1963). 

23 ELASTIC PROTON SCATTERING FROM Ni AND Cu 
L. L. Lee, J r . , J . P . Schiffer, and J . R. Erskine 

' B U I I . ' Am.' P h y s . Soc. ]_, 532 (November 23, 1962). 

24. PROTON REDUCED WIDTHS CALCULATED FOR A DIFFUSE-
SURFACE POTENTIAL 

J P . Schiffer 
Bull. Am. P h y s . Soc. I, 540 (November 23, 1962). 

25 LIFETIME OF THE FIRST EXCITED STATE IN Ca*! AT 1. 95 MEV 
C M C l a s s , P . P . Singh, and S. S. Hanna 

• Bull. Am. P h y s . Soc. 8, 358 (April 22-25, 1963). 

26. REACTION B i i ( p , y ) C i 2 IN THE RANGE 4 < E < 10 MEV 
R. G. Al i a s , S. S. Hanna, L. L. Lee, Jf . , L. Meye r -
Schu tzmei s t e r , a n d R . E. Segel 

Bull . Am. P h y s . Soc. 2- ' ^ (^3 January 1963). 

27 STATES IN C12 BETWEEN 17. 5 AND 19. 5 MEV 
R. G. Al ias , S. S. Hanna, and R. E. Segel 

Bull . Am. P h y s . Soc. 2 , 550 (November 23, 1962). 

28 STATE IN C i s AT 18. 85 MEV 
R. G. Al ias , S. S. Hanna, and R. E. Segel 

Bull. Am. P h y s . Soc. ]_, 453 (August 27, 1962). 
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29. GAMMA RAYS FROM PROTON BOMBARDMENT OF Bi" 
M. A. Grace, P . P . Singh, and R. E. Segel 

Bull. Am. Phys. Soc. 1_, 549 (November 23, 1962). 

30. REDUCTION OF PILE-UP CONTAMINATION IN PULSE-HEIGHT 
SPECTRA 

R. E. Segel 
Bull. Am. Phys. Soc. 1_, 542 (November 23, 1962). 

31. COLLECTIVE LEVELS IN ZIRCONIUM ISOTOPES 
H. W. Broek 

Bull. Am. Phys. Soc. Q_, 376 (April 22-25, 1963). 

32. (d, He3) REACTIONS ON Fi» AND Aia'^ 
T, H. Braid and B. Zeidman 

Bull. Am. Phys. Soc. 1_, 300 (April 23, 1962). 

33. (d, t) REACTIONS ON NUCLEI NEAR N = 28 
B. Zeidman and T. H. Braid 

Bull. Am. Phys. Soc. ]_, 315 (April 23, 1962). 

34. SOLID STATE DETECTORS FOR MEASUREMENTS OF dE/dx AND 
TOTAL ENERGY IN NUCLEAR REACTIONS AT CYCLOTRON ENERGIES 

T. H. Braid and J. T. Heinrich 
International Atomic Energy Agency Conference on 
Nuclear Electronics, Belgrade, May 15-20, 1961. 
Abstracts of Papers NE/134. 

35. X RAYS FROM MU-MESONIC ATOMS 
C. S. Johnson, H. L. Anderson, E. P . Hincks, S. Raboy, 
and C. C. Trai l 

Bull. Am. Phys. Soc. 2, 324 (April 22-25, 1963). 

36. RESONANT ABSORPTION AND SCATTERING OF NUCLEAR GAMMA 
RADIATION 

S, S. Hanna and G. J. Perlow 
IAEA Conference on the Use of Radioisotopes in the 
Physical Sciences and Industry, Copenhagen, September 
6-17, I960. Abstracts of Papers , RICC/192. 

37. SMALL SUPERCONDUCTING SOLENOID 
J. Heberle and R. W. Reno 

Bull. Am. Phys. Soc. 7, 431 (August 27, 1962). 
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38. EXPERIMENTAL DETERMINATION OF NUCLEAR PROPERTIES BY 
USE OF THE MOSSBAUER E F F E C T 

S, S. Hanna 
Conference on Elec t romagnet ic Lifet imes and P r o p e r 
ties of Nuclear States, Gatl inburg, Tennessee , October 
5-7, 1961, Nuclear Science Ser ies Repor t No. 37 
(National Academy of Sciences, National Resea rch 
Council, Washington, D. C. . 1962), pp. 140-153. 

39. MOSSBAUER E F F E C T OF Fe^^ AS AN IMPURITY IN VARIOUS ALLOYS 
J . Heber le , P . P a r k s , and J. P . Schiffer 

Bull . Am. P h y s . Soc. ]_, 350 (April 23, 1962). 

40. MOSSBAUER E F F E C T OF Fe^^ IN HEXAGONAL COBALT 
C. E. Johnson, G. J . Per low, and W. Marsha l l 

Bull. Am. P h y s . Soc. %, 351 (April 22-25, 1963). 

41 . ENHANCEMENT OF ELECTROMAGNETIC TRANSITION PROBA
BILITIES 

D. Kurath 
Conference on E lec t romagne t i c Lifet imes and P r o p e r 
ties of Nuclear Sta tes , Gatl inburg, Tennessee , October 
5-7, 1961, Nuclear Science Se r i e s Repor t No. 37 
(National Academy of Sciences , National R e s e a r c h 
Council, Washington, D. C. , 1962), pp. 10-14. 

42. BROWNIAN MOTION OF HAMILTONIAN MATRICES 
N. Rosenzweig 

Bull . Am. P h y s . Soc. &_, 263 (25-28 M a r c h 1963). 

43. REGGE TRAJECTORY IN FIELD THEORY 
L. S. Liu and K. Tanaka 

Bull . Am. P h y s . Soc. &_, 44 (23 January 1963). 

44. PION-PION SCATTERING FROM A LAGRANGIAN VIEWPOINT 
K. Smith (AMD) and J . L. Ure tsky 

Bull . Am. P h y s . Soc. &, 300 (Apri l 22-25, 1963). 

45. GEOMETRIC THEORY OF CHARGE AND BARYON NUMBER 
H. Eks te in 

P roceed ings of the Midwest Conference on Theore t i ca l 
Phys i c s , Argonne National Labora to ry , June 1-2, 
1962, pp. 115-119. 
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46. ON THE "REALITY" OF THE ELECTROMAGNETIC VECTOR 
POTENTIAL 

M. Peshkin 
Proceedings of the Midwest Conference on Theoretical 
Physics, Argonne National Laboratory, June 1-2, 1962, 
pp. 1-13. 

47. BCS DESCRIPTION OF THE SUPERCURRENT STATE 
M. Peshkin 

Bull. Am. Phys. Soc. 8_, 191 (25-28 March 1963). 

48. PREACCELERATION IN ELECTRON THEORY 
M. N. Hack 

Bull. Am. Phys. Soc. ]_, 493 (August 27, 1962). 

49. THE REACTION OF GRAPHITE WITH NITROGEN AT ELEVATED 
TEMPERATURES 

J. Berkowitz 
Proceedings of the IAEA Symposium on Thermodynamics 
of Nuclear Materials , Vienna, May 21-25, 1962 (Inter
national Atomic Energy Agency, Vienna, 1962), pp. 505-
516 (Abstracts of Pape r s , SM-26/40). 

50. ON THE FRAGMENTATION OF HYDROCARBONS UNDER HIGH-ENERGY 
ELECTRON IMPACT 

J. E. Monahan and H. E. Stanton 
Bull. Am. Phys. Soc. 2, 399 (June 19, 1962). 

51. SPUTTERING EXPERIMENTS IN THE RUTHERFORD COLLISION 
REGION 

M. S. Kaminsky 
Bull. Am. Phys. Soc. J, 346 (April 23, 1962). 

52. INTERACTION BETWEEN ION BEAMS AND METAL SINGLE-
CRYSTAL SURFACES IN THE RUTHERFORD COLLISION REGION 

M. Kaminsky 
Bull. Am. Phys. Soc. S_, 338-339 (April 22-25, 1963). 

IV - 3. ANL TOPICAL REPORTS 

1. THE MEASUREMENT OF ENERGY AND INTENSITY OF GAMMA 
RAYS BY USE OF A SCINTILLATION SPECTROMETER 

R. T. Julke, J. E. Monahan, S. Raboy, and C. C. Tra i l 
Argonne National Laboratory Topical Report ANL-6499 
(April 1962). 
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THE ELECTRIC-DIPOLE GAMMA-RAY STRENGTH FUNCTION FOR 
HEAVY EVEN-EVEN NUCLEI 

R. T. Carpen te r 
Topical Report ANL-6589; thes i s . Nor thwestern 
Univers i ty . 

BENDING-MAGNET AND QUADRUPOLE ABERRATIONS FOR 
PARAXIAL RAYS 

M. L. Good 
Argonne National Laboratory Topical Report ANL-6611 
(November 1962). 

HANDBOOK FOR THE NANOSECOND ELECTRON ACCELERATOR 
(NSEA) 

E. A. Mroz , W. L. Buck, R. K. Swank, and H. B. Phi l l ips 
Argonne National Labora tory Topical Report ANL-6700 
(March 1963). 
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V. STAFF MEMBERS OF THE PHYSICS DIVISION 

The Phys i c s Division staff as of May 1963 is l is ted below. 
Although the m e m b e r s a r e c lass i f ied by p r o g r a m s , it mus t be under
stood that many of them work in two or m o r e of the a r e a s . In such 
c a s e s , the c lass i f icat ion indicates only the cu r ren t p r i m a r y in t e re s t . 

In the per iod from 1 Apri l 1962 through 31 March 1963, 
t he re w e r e 24 t e m p o r a r y staff m e m b e r s (19 staff m e m b e r s from univ
e r s i t i e s and other l a b o r a t o r i e s , 4 pos t -doc to ra l fel lows, and 1 affiliate 
of the In te rna t iona l Inst i tute of Nuclear Science and Engineer ing—those 
with appointments of 1 month or m o r e being l is ted below as res ident 
r e s e a r c h a s s o c i a t e s ) , 9 graduate students (including 4 doing thes is 
r e s e a r c h ) , and 20 undergradua tes (8 in the Argonne Semes te r p rogram 
of the Assoc ia ted Colleges of the Midwest , 3 in cooperative p r o g r a m s , 
and 9 on s u m m e r appointments) . 

RESEARCH AT THE REACTOR CP-5 

P e r m a n e n t Staff 

Lowell M. Bollinger,"" P h . D . , Cornel l Univers i ty , 1951 

H e r b e r t H. Bolot in , P h . D . , Indiana Univers i ty , 1955 

Mer le T . Burgy , B . S . , Univers i ty of Chicago, 1939 

Rober t E . Cot^ , P h . D . , Columbia Univers i ty , 1953 

Harold E . J ackson , J r . , P h . D . , Cornel l Univers i ty , 1959 

Victor E . Krohn , P h . D . , Case Insti tute of Technology, 1952 

Allen P . M a g r u d e r , B . S . , Univers i ty of Chicago, 1959 

J. P . Mar ion , M . S . , DePaul Univers i ty , 1959 

R i c h a r d s . P r e s t o n , P h . D . , Yale Univers i ty , 1954 

Sol Raboy, D. Sci . , Carnegie Inst i tute of Technology, 1950 

G. R. Ringo, P h . D . , Univers i ty of Chicago, 1940 

Rober t K. S m i t h e r , P h . D . , Yale Univers i ty , 1958 

George E . T h o m a s , J r . , B . A . , I l l inois Wesleyan Univers i ty , 1943 

C a r r o l l C. T r a i l , P h . D . , Texas A & M Col lege , 1956 

'"Director of Phys ics Division 
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RESEARCH AT THE 4.5-MEV VAN DE GRAAFF ACCELERATOR 

Permanent Staff 

Alexander J. Elwyn, P h . D . , Washington University, 1956 

C a r l T . Hibdon, P h . D . , Ohio State University, 1944 

Robert E. Holland, P h . D . , University of Iowa, 1950 

Raymond O. Lane, P h . D . , Iowa State College, 1953 

Alexander Langsdorf, J r . , Ph .D . , M. I. T. , 1937 

Frank J. Lynch, B . S . , University of Chicago, 1944 

RESEARCH AT THE 12-MEV TANDEM VAN DE GRAAFF 

Permanent Staff 

Thomas H. Braid, P h . D . , Edinburgh University, Scotland, 1950 

Dona lds . Gemmell , P h . D . , Australian National University, I960 

S tan leys . Hanna, P h . D . , Johns Hopkins University, 1947 

Linwood L. Lee, J r . , P h . D . , Yale University, 1955 

Luise Meyer, Ph .D . , Technical University of Berl in , 1943 

F . P . Mooring, P h . D . , University of Wisconsin, 1951 

John P . Schiffer, P h . D . , Yale University, 1954 

Ralph E. Segel, P h . D . , Johns Hopkins University, 1955 

Jack R. Wallace, B . A . , College of Wooster, Ohio, 1942 

Resident Research Associates 

Richard G. Alias , P h . D . , Washington University, 1961 

JohnR. Erskine , P h . D . , University of Notre Dame, I960 

Marvin C. Mertz , M.S. , Yale University, 1953 

P. Paul Singh, P h . D . , University of Brit ish Columbia, 1959 
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RESEARCH AT THE 60-IN. CYCLOTRON 

P e r m a n e n t Staff 

Howard W. B r o e k , P h . D . , Yale Univers i ty , 1960 

John J . Livingood, P h . D . , P r ince ton Univers i ty , 1929 

Jan L. Yntema, P h . D . , F r e e Univers i ty of A m s t e r d a m , Nether lands , 1952 

Ben Ze idman , P h . D . , Washington Univers i ty , 1957 

OTHER NUCLEAR EXPERIMENTS 

P e r m a n e n t Staff 

S. B . B u r s o n , P h . D . , Universi ty of I l l inois , 1946 

Wil l iam J . Ch i lds , P h . D . , Universi ty of Michigan, 1956 

John Dalman 

L e o n a r d s . Goodman, P h . D . , Univers i ty of Chicago, 1952 

Jue rgen H e b e r l e , P h . D . , Columbia Univers i ty , 1955 

Gi lber t J . P e r l o w , P h . D . , Univers i ty of Chicago, 1940 

Resident R e s e a r c h Assoc ia tes 

Die ter von E h r e n s t e i n , D r . r e r . nat . d e g r e e , U. of Heidelberg , I960 

E . Brooks S h e r a , P h . D . , Wes te rn Rese rve Univers i ty , 1962 

THEORETICAL NUCLEAR PHYSICS 

Pe rmanen t Staff 

F r i t z C o e s t e r , P h . D . , Univers i ty of Zur ich , 1944 

Stanley Cohen, P h . D . , Cornel l Univers i ty , 1955 

David R. Ing l i s , D. Sci . , University of Michigan, 1931 

Die te r K u r a t h , P h . D . , Universi ty of Chicago, 1951 

Rober t D. Lawson, P h . D . , Stanford Univers i ty , 1953 

Malcolm H. Macfa r l ane , P h . D . , Universi ty of Rochester , 1959 

„ », 1. DV, n St- Louis Univers i ty , 1953 
J a m e s E . Monahan, P h . D . , bt . x^ouia • -Ol, rv r n r n e l l Univers i ty , 1951 Norbe r t Rosenzweig , P h . D . , uo rne i i on 
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Resident Research Associates 

Alvin Saperstein, P h . D . , Yale University, 1956 

Michitoshi Soga, D. Sci. , Tokyo University of Education, 195f 

THEORETICAL HIGH-ENERGY PHYSICS 

Permanent Staff 

Hans Ekstein, Ph .D . , University of Ber l in , 1934 

Melvin Hack, Ph .D . , Princeton University, 1956 

Murray Peshkin, P h . D . , Cornell University, 1951 

Katsumi Tanaka, P h . D . , University of California, 1952 

Jack L. Uretsky, Ph .D . , M. I. T. , 1956 

K. C. Wall, P h . D . , University of Wisconsin, 1959 

Resident Research Associates 

Kichiro Hiida, Ph .D . , Hiroshima University, 1959 

Arthur W. Martin, Ph .D. , Stanford University, 1962 

B. M. Udgaonkar, M . S . , Bombay University, 1949 

MASS-SPECTROMETRIC INVESTIGATIONS 

Permanent Staff 

Joseph Berkowitz, P h . D . , Harvard University, 1955 

William A. Chupka, P h . D . , University of Chicago, 1951 

David C. Hess , P h . D . , University of Chicago, 1949 

Manfred Kaminsky, P h . D . , University of Marburg, Germany, 1952 

Henry E. Stanton, P h . D . , University of Chicago, 1944 

Sol Wexler, P h . D . , University of Chicago, 1948 

Associate Director of Physics Division 
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HIGH-FREQUENCY PLASMAS 

P e r m a n e n t Staff 

A lbe r t J . Hatch, M . S . , Univers i ty of I l l inois , 1947 

ADMINISTRATIVE 

P e r m a n e n t Staff 

Cha r l e s E g g l e r , B . S . , Virginia Polytechnic Ins t i tu te , 1944 

F r a n c i s E . T h r o w , P h . D . , Universi ty of Michigan, 1940 
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